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INTRODUCTION

At present unprecedented advances are being made in
science and technology. It is probably true to say that the
majority of these scientific advances, however, would not
have been possible except for devslépments in the iren
and steel industry since today little er ne industrial
progress is pessible without the use of‘ir@n or steel
whether direetly, or indirectly in the manufacture of

ether produects,.

The development of iron preduction dates back in
this country to the Roman Period (2nd Century A.D.) when
the earliest knewn shaft furnace was used 1o preduce iron.
This development has proceeded thrOugh the centuries
fesultiﬁg in the modern irem blast furnaee which is still
the main preducer of iron and is likely to remain so in

the/
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the forsesable future.

vTha develepment of the blast furnace has been an art
rather than # deience but recently the necessity for the
seientific appreach has been appreciated. Thus, during
the last half century a great deal of werk and thought
has been devoted to the increase of blast furnace efficiency.
The practical ironmaker, however, is chiefly interested in
the qgantity rather than the quality of the iron with the
result that sintering, pelletizing, increased blast
temperature, oxygen enrichment of the blast, coal and oil
injection, water vapour additions to the blast, high top
pressures, improved refractories etc., have all been tried
in an attempt to achieve maximum iron output while keeping
the ccke rate as low as pessible.» This appreach, although
essential, dees not improve the quality of the iron and

this / '



3e
t?is must also be considered since an improvement of the
iron quality will reduce the work required in the steelmaking
furnace. Alse, at present, with the increasing use of the
Pneumatic Steelmaking Process it.is important that consistent

iren quality should be obtained from the blast furnace.

In order to predict the optimum quality of iren
obtainable feor certain given materials, it is necessary to
study the refining reactions ocecurring and the theoretical

equilibria which may be attained within the blast furnace.

The two elements which have been most widely studied
with regard to blast furnace practice a:e gulphur and
gilicon, in an attempt to keep these elements as low as
pessible‘in the resultant iron. The most exact information

'available, however, is for the sulphur reaction which may

be /



be expressed as follows:-

[Fes] + (Ca0) = (Cas) + (Fe0) .u...(1)
C + (FeO) = Fe  + CO veees(2)

The Overall reaction beings—

,’{FeS] + (Ca0) + C = (CaS) + PFe + CO .euss(3)
It has been found that this reaction does not reach
equilibrium which may be due to the slag-metal reaction (1)
or the slag (metal)- carbon reaction (2) or both of them
not reaching equilibrium. If the oxygen potential of the
a&stem relative to pure graphite could be measured then
the extent to which reaction (2) had appreached equilibrium
could be measured and hence the appreach of reaction (1) to
equilibrium would be known. Thus it is desirable to
measure the oxygen potential of the slag in equilibrium

with pure graphite.

It might be thought that the easiest method of

measuring‘/



measuring the oxygen potential of the slag would be to
measure its Fe0 content. This, however,‘is a very difficult
analytical problem due ﬁo the presence in the slag of
finely divided iron which cannot be satisfactorily separated
from the slag by magnetic means. For this reason the
measurement of the oxygen potential of the system by means
of Fe0 determination ig practically impessible by present
techniques. The oxygen potential must, therefore, be

studied by some other methed.

An apparently promising reaction is that involving
manganese

M0 = Mn o+ 1/20p
gince this alsoe gives a measure of the oxygen potential
of the system. In this eaéa the analysis is more straight—
forward and reliable. There is, however, a very pronounced

temperature /



temperature coefficient for the above reaction and hence

it is essential to have an aceurate temperature measurement.
Unfortunately this is exceedingly difficult to obtain.
There is also a lack of knowledge of the activity of MnO

in the slag solution and of the activity of manganese in
iron-carbon alloys. Thus, at present, there is little

useful information to be gained by this approach.

It has been shown that iron from the blast furnace is
unsaturated with respect to carbon. A value of approximately
0«6 for AC (the difference between the observed carbon
content and the saturation solubility of carbon, allowing
for the effect of the metalloids present) has been
obtained (l) from a study of data on operating furnaces, If
it is assumed that the carbon in the iron is in equilibrium

with the oxygen in the iron and hence in the slag, then the

carbon /
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carbon activity of the iron can be used 4o assess the
oxygen potential of the system relative to pure graphite
as follows:—

¢ (gr.) + 1/200 = ©CO
1
p 002 oc  pCO gince a, = 1
1
The cbserved value

1
pf 0,2 o pCO p' is the oxygen potential when the

a— . )
° syatem is not saturated with carbon,
]
e - =
' 2
» 0, 8¢

Thue it can be seen that a solution of the above problem
would be obtained if data on carbon aestivity in iron were

available at medium to high carbon concentrationsa.

For this reason, as well as a desire to widen the
general thermodynamic data, it was decided in the present

work to study the activity of carbon in the range 1 - 5%

carbon /
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carbon since although much research has been performed

on alloys containing 1% carbon in iron the data at

higher concentrations is extremely sparse and inconsistent.
Consequently, predictions of behaviour up to carbon
saturation have been based on rather dubious assumpiions.
A thorough examination of the iron-carbon binary is also
an essential step prior to studying ternary systems in an
attempt to find interaction eoeffieients between the

elements concerned,
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LITERATURE SURVEY

From what has been written in the introduction the
need for research on the activity of carben in iron can
be appreciated. This need has been acknewledged for a
number of years and much work has been carried out in

this field.

The first indication that carbon in iron did not form

an ideal solution was obtained by studies of the

(2)

solubility product (m = ¢C x #0). PFrom these studies
it was found that m was not constant, as it would be if
both carben and oxygen behaved ideally, but did in fact
inerease with carbon contgnt. Thus in the reaction

e + 0 = CO where K' is the equilibrium constant
and

K = RO |

‘ n pCO is the partial pressure of carben

monoxide



C and O represent percentages of carbon and oxygen

in iron solution.
the value of X' was found to decrease with increasing
carbon content. Since it had been shown that oxygen
obeys Henry'g Law the decrease in the value of XK' with
increasing carbon content must be attributed to the
fact that ocarben does not obey Henry's Law and
consequently activity values must be subsiituted for

the weight percentages.

In order to obtain activity measurements detailed
research into the iren-carbon binary system was necessary.
Phis work has been carried out beth experimentally and
theoretically by themmodynamic calculations, such
calculations normally being based on assumptions which can
only be verifigd by suitable experimental evidence. 1In

this survey it is proposed to review first the exper imental

work /
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work and then the theoretical contributions for the
determination of carbon activity based en thermodynamic

calculations.

Experimental Techniques for the Determinatien of ag,

Several well established techniques are available
for activity measurements. Some of these are applicabls
to the determination of the activity ef carbon in ironm,
for example gas metal reactions, E.M.F., measurements, or
vapour pressure measuremsnts of iren in an iren—carbon
melt and hence by a Gibbs-Duhem integration the
determination of carben activity. BExperimental studies
carried out to date using some of these techni@ues are

discussed below,.

Gas - Metal Reactions

Twe /
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Two gas metal reactions which can be used to find
the activity of carbon in iren are
E + CO = 200 .« oo oo (1)
C + 2H = CHf o o s o« (2)
Work has been carried out using beth of these reactions
and the literature survey is divided into a section
dealing with the carbon moneoxide - carbon dioxide reactien

end a separate section on the hydrogen - methane reaction,

Experimental studies of carbon in liguid iron using the

carbon monoxide -~ carbon dioxide reaction

Marshall and Chipman (2) carried out a mest comprehensive
if not very exact study of the carbon ~ oxygen equilibrium
in molten iron. The equilibria invelving the activity of
carbon was

C + COp = 200

The /
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The equilibrium constant for the reaction

Kl pcoz Iy

pCO2 x a, ac
where a, represents the carbon activity and the
ot pC0o2 .
gas ratio r¢ = » PCO and pCO, being the partial

9002

pressures of the respective gases.

Marshall and Chipman's (2) experimental runs were
carried out in a furnace especially designed to work up
to0 twenty atmospheres pressure in order to study the
solubility product while at the same time being able to
carry out activity measurements. The mel#, contained in
a magnesia crucible, was brought to temperature (varying
temperatures up to 154000 were used) in a reaction chamber,
filled with a carbon monoxide -~ carbon dioxide mixture
and the system was left to atitain equilibrium between
the melt and the gas mixture; When equilibrium was

reached /
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reached a gas sample was drawn off and analysed, the melt
was quenched and the amounts of carbon and oxygen in the
melt was determined. By this technique results were
obtained up t0 2.4 per cent carbon. By plotting the gas
ratio against the weight per cent a linear relationship
was obtained up to 0.5 per cent carbon, thus below this
velue the activity of carbon is equal to the weight per
cent when 1% infinite dilution scale is taken as the

standard state.

E} r'

Hence K, = _ = K, at low concentrations.

%C |

From the ourve of T, against 4C, Marshall and Chipman (2)

obtained a value of K, = 430. Thus at any concentration

8 » 2¢0-
£ © ‘. K, P _
4c - 00, x (e x 4C)

Ko

430 -

Thus fclcan be calculated and hence &c.

Later /
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Later work (3, 5-7) showed the results of Marshall

2
and Chipman (2) to be rather inaccurate and the value

of 0.5 per cent carbon for the limit at which Henry's Law

holds appears to be high. The follewing sources of error

may have been significant in their work.

a)

b)

Thermal segregation of the gas atmosphere, although an
attempt was made to overcome this by inserting a small
fan in the reaction chamber,

Reduction of the magnesia crucible by the carben in
the iron, producing carbon monoxide.

Carbon deposition from the gases during sampling

200 = C + COp resulting in an inaceurate gas

analysis,

Although, the results of Marshall and Chipman (2) do

not new appear reliable in view of these possible sources

of /
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of error and also subsequent results, the technique
which they used involving the carbon monoxide - carbon
dioxide reaction is substantially the same as that

employed in other subsequent studies,

(3)

Dennis an@ Richardson whose data at higher
temperatures (1560°, 1660° and 1760°C) appears to be the
most reliable to date, held a bead of the iron-—carbon
alloy in a lime, magnesia or alumina boat. Carbon monoxide -
carbon dioxide mixtures were passed over the bead of metal
until equilibrium had been attained, the metal then
being quenched and analysed for carbons. The highest
carbon content at which work was undertaken was 1.08
per cent carbon, this.being attained with a gas ratio
of 820 at 1560°C. Accurate work at higher gas ratios was

prevented by the experimental difficulties associated

with /
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with metering very minute quantities of carbon dioxide,
since the equilibrium gas ratio increases very rapidly
- with increasing carbon content of the melt. This
difficulty combined with that of the carbon deposition
reaction appears to have been the limiting factor in all
. experimental studies of this type and virtually precludes

the use of this technique at relatively high carbon contents.

The results obtained by Dennis ahd Richardson (3)
with lime and alumina bﬁats showed good agreement but it
was found that the errors with a magnesia boat werse
considerable at 1660° and 176000. The error is
because magnesium has a higher vapour pressure than
calcium or aluminium and hence due to the loss of
magnesium into the gas phase the following reaction can

ogcur -

MgO + C = CO + Mg



[
o
&

The carbon monoxide thus formed would alter the gas
ratio wh;ch would account for the error with the magnesia
crucible, A.similar reaction will ocour to a lesser
extent with lime and alumina crucibles but the extent to
which it will interfere is dependent on the kinetics of

the reaction and this can only be determined by experiment.

The activiiy of carbon was calculated using known
free energy data for the reaction 3 C (gr) + CO» = 200
thus enabling the equilibrium constant to be determined,
using grapbite saturation as the standard state. It was
found that the activity was not markealy temperature

dependent but the deviation from Henry's Law was marked

above about 0.2 per cent even at 1760°C.

Rist and Chipman (4) tried to extend the werk of

Dennis /
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Dennis and Riohardson (3) to higher carbon contents by a
gimilar technique with suitable modifications in an
attempt to control the gas ratics. In order to achieve

a better control of the gas mixture, argon was added thus
giving an increase total flow rate and subsequent benefits
in control of the gas composition. Gas ra#ios up to

1150 at 1560°C, were passed over the melt until equilibrium
wag attained and the melt was cooled in an argon
atmosphere, The maximum carbon contgnt at which runs
were performed was 1.29 per cent at 156096, much of the'
work being performed at this température, and 4.38 per

cent carbon at 1360°C. Results were also obtained at 1260°C.

The results are limited in this study to three
equilibrium points at 1560° and ene at 1460°C. At 1360°

and 1260°C no reliable data was determined. The limited

scope /
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scope of the results appears to be due to one or all of
the following reasons, (a) carbon deposition (b) thermal
diffusion and (e) lack of thermal equilibrium betwsen

the ges and the hot metal.

(5)

Banya'and Hateoba have perfermed the most recent
work by use of the éarbon monoxide - carbon dioxide mixture
with gas ratios from 45 to 3120, In order to achieve these
very high raties very careful control of the gas composition
and flow rates were necessary. Runs were carried out at
1460, 1560, 1660 and 1760°C, a particularly large number
being performed at 15609C with carbon contentis up te

2.02 per cent carbon. From the experimental results

' Banya and Matoba (3) plotted

2 v
1 9
leg Ki = pCo against N&

pCOs No

This /
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This, was found to give a straight line up to 0.09 N,
f
S8ince 1log K = log Ky + logY;

where ¥, = activity coefficient of carben
and K, is the equilibrium constant for a Henry's

Law standard state.
The value of the equilibrium constant (K') can be
obtained from the equation of the graph, and hence the
activity of carbon can be calculated. The results obtained

will be discussed at a later atage.

Experimental Study of Carbon in Ligquid iron using the
hydrogen — methane equilibrivm
As stated above another possiblevgas-metal equilibrium
which can be used to measure carbon activities is the
reaction C + Hy = CHy o o ¢ o o (2)
Purkdogan, Leake and Masson (6) equilibrated hydrogen with
iron-carbon melts. The experiments were carried out in a

closed /



closed system Where hydrogen was circulated over an
iron~carbon alley held in a lime crucible. Connected to
the system wés an infra-red gas analyser a&apted to
measure the amount of methane formed., When the methane
reached a steady value it was assumed that equilibrium
had been attained and the melt was quenched and analysed
for carbon. An alumina tube was used as the reéctien
chamber and a cold trap containing selid carbon dioxide
was inserted in the system. The reason given for the
inclusion of the cold trap was that calculations based
on available thermodynamic date indicated that if the

water vapour pressure in the system was that of ice at

20 atm. of methane

liquid oxygen temperature about 10~
would be sufficient to form aluminium carbide £rom alumina
at high temperatures. On the other hand if the partial

pressure of water vapoeur in the reaction chamber was

adjusted /
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adjusted to that of ice at 0°C oxidation of methane

would occur,

Experiments were carried out at three temperatures
1300, 1400 and 1500°C, but at 1500°C there were very few
results (only three values being given). This was stated
4o be due to alumina tubes developing pin holes, after a
day or two of continuous use, which resulted in the
oxidation of the methane, Also at higher temperaiures and
at low carbon concentrations it was very difficult to
measure the methane formed by the gas analyser since the

. PCH4 . .
ratio becomes smaller with decrease in carbon
-4
pHy
concentration and increase in temperature.

Carbon activities derived up to 3.99 per cent carbon

using available equilibrium data for the free energy of

fomation of methane (7). This data was also used to

check /
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check the reliability of the experimental procedure by
measuring the hydrogen/methane ratio in squilibrium with
graphite and very good agreement was found between the
experimental results and the available data. Turkdogan

et al's (6) results are shown in Graph 1 from which it is
apparent that the activity values show considerable scatter.
At 1300 and 1400°C the results give some indication of

the activity at higher carbon concentrations than those
obtained by any of the carbon monoxide - carbon dioxide
equilibrium studies, but at 1500°C it can be seen that the

reproducibility is extremely poor and little reliable

information can be deduced.

ggperimental Study of carbon in sgolid iron

It is relevant to refer also to work on the activity

of carbon in austenite, since these data have been used

as /
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as a basis for the predietion of aetivities in the liquid

state,

In a paper presemted in 1946 Smith (8) obtained
aetivity values for earbon in solid iron by use of both the
kydrogen — methane and the carbom dioxide - earbon monoxide

reasgtions.

The iron sample was in the form of a strip (about
0.2mm thiek, lem wide and 6—15e§ long) wound into a coil
and suspended from a platinum wire, in the reaetion
shamber. An upstream flow of the given gas mixture was
passed over the eoil at a fixed temperature until
equilibrium was attained., The specimen was then quenched
and analysed for.carbon. The raﬁge of ecmpositions
eovered was from 0.008 per eent to 1.5 per cent sarbon

in solid iron,

With /
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With hydrogen - methane mixtures runs were earried out
at 750, 800 and 1000°C with O - 5 per cent methane in
the mixture, but attempts which were made to sarry out
the experiment at 1200°C were unsuecessful due to silieom

- plek up from the poreelain tube.

Runs were earried out at 800, 1000 and a few at
1200°C employing the carbén monoxide - sarbon dioxide
eguilibrium, with 0.3 - 27 per eent earbon monoxidg in the
mixture., The equilibrium constants for the ecarbon
monoxide - carbon dioxide and the hydrogen - methane
reactions were determined directly at 800 and 1000°C as
follows., Different gas ratios were passed over a bloek
of "Aeheson" graphite (impregnated with a small amount of
iron to aet as a catalyst) and the gain or loss‘in weight

of the bloek was measured. The gas ratio sorresponding

to /
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to a eonstant weight of the graphite bloek was taken as

being equivalent to the equilibrium eonstant.

The equilibrium eonstent was also measured indirectly
by extrapolating the gas ratio for varioﬁs percentages of
earbon content up to the composition where austenite is in
equilibrium with graphite and hence the aetivity of
earbon is unity. The gas ratio then eorregpands to the

equilibrium constant.

The values of the equilibrium constants showed
reascnable mutual agreement when measured diresctly and
indireetly, but did mot eorrespond to the available
thermodynamie data (9), smith (8) based all his
saleulations on his own values for the equilibrium
eonstant, ignoring the other data, on the assumption that

any errors in his values for the equilibrium eonstanta

would /
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would be similar to those in his activity measurements,
since the same procedure was used and hence any errors would
be self cancelling. Whether this assumption is justified

or not is a debatable point,.

It was also found that the activity of carbon from the
hydrogen — methane equilibrium was slightly different from
the value obtained with the carbon monoxide -~ carbon
dioxide equilibrium., This may be due to impurities
such as oxygen, hydrogen or silicon in the metal

resulting from the experimental technique used.

(8)

A very similar technique to that employed by Smith
was used by Schenck and Kaiser (z0) $0 determine the
activity of carbon in austenite at 800 and 1000°C. In
this study the hydrogen - methane equilibrium was employed

with 0 - 1 per cent methane in the mixture. The gas was

‘circulated /
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eirsulated over the metal sample until equilibrium was
attained, the methane being measured by means of an infra=—

red gas analyser,

The equilibrium eonstant for the hydrogen - methane
reastion was determined at 800, 850, 900, 950 and 1000°C
and the values obtained wers in excellent agrecment with
those of Smith (8) at 800 and 1000°C. This study confirms
the results of Smith (8) for the aetivity of carbom in
Y-iron, the results agreeing well with Smith's (8) plot

of carbon aetivity against percentage earbon in iron.

The manner in which Smith's (8) results have been
ugsed to derive values for &g in the liquid state will be

diseussed subsequentlye.

Experimental Study of carbon in liquid iren by use

of E.M.F, measurements

Sanbongi /
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Sanbongi and Ohtani (1) measured the activity of
carbon in liquid iron at 1450, 1500 and 155000 by means of
electromotive force measurements in an electrochemical
cell of the type z-—

Liquid iron-carbon / Carbide Slag / Liquid iron-carbon
alloy ~ alloy (saturated
with carbon).

The cell consists of two silica U-~tubes which are connected
by a small limb, Carbon saturated iren is placed in one
of the U~tubes and covered with powdered graphite while
the alloy of unknown carbon activity is placed in the
other U-tube. A carbide slag acting as an electrolyte

is then packed on top of the metal and across the junction
between the two tubes thus completing the concentration
cell, The cell is heated in a graphite crucible by means
of induction heating and the potential difference beiween

the two arms of the cell is measured by dipping graphite

electrodes /
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electrodes into the melts. The aetivity of carbon was
then calculated from the following expressions

E & - 0.0002 q log a,

n

Where E is the electromotive foree
n is the ion valeney
and T is the temperature
n was found to khave a value of 2 approximately and henee

the activity could be ecalculateds

By this technique activity measurements were made up
t0 4.39 per cent carbon at 155000 and the results
indicated that Henry's lLaw was obayed up to 0.8 per cent
carbon. In this respect the results dirfer from most of
the other measurements made. JAlthough the results are
rather scattered and show some inconsistency, this teshnique
would appear to have the advantage of simplicity. It is

theoretically attrastive but considerable experimental

difficulties /
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diffioculties have been found to arise in other studies
of this type. Partieular eare must be taken to avoid side

reaetions and to obtain an aceurate valus of n for the cell.

The above summary includes the most important of the
experimental studies on the measurement of carbon activity
in the iron ~ carbon binary system which have been

reported to date.

Thermodynamic Géleula.tions for the Determination of
Carbon Activity

As can be seen from the previous section of the
literature survey, most of the experimental work earried
out deals with iron carbon alloys up to 1 per eent carbon,
with a few scattered experimental resulis up to 4 per

cent carbon. In order to obtain some indication of the

activity /



33

activity of carbon at high concentrations in liquid irom,
it has been found necessary to resort to thermodynamiec
calculations based on certain assumptions to allow
extrapolation of the experimental results at lower
carbon concentrations. Whether the assumptions made

are valid for the iron -~ carbon system is hypothetical
and the validity can only be proved or disproved by

experimental evidence.

Darken (12) assumed that in iron - garbon melts the
molecular species present are Fe, C and Fe3c. Regarding
the solution as ideal and taking the activity of graphite
as unity the following relationships can be deduced -

¢ (graphite) = C k, =[]
N

, J w2
n = K = [PejyC} W
¢ (graphite) + 3?‘9 FeyC o [ 3 ]

(v

Where N = total no. of mols = [Fe]-y-[FeBc]-p[C]

and /
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and[.]represents the number of mols of each species,
By assuming the law of mass action and using the
experimental results on graphite solubilities and

(13—'16), Darken (11) was able to

equilibrium gas ratios

calculate values for K, and KZ. It is then possible to

derive values for activity of carbon in the metal solution
1

for all compositions and temperatures. Chipman (17) in

an article in "Basic Open Hearth Steelmaking" appears,

e s . (12)

although no indication is given, to have used Darken's

results to plot activity coefficients of carbon against

weight per cent carbon. Since these results were taken

. 2
rather than those from the study by Marshall and Chipman (2)
this would substantiate the statement above that the
results of the latter study are not regarded as being

(12)

satisfactory. A plot of the curve derived from Darken's
work is reproduced in Graph 1l. For the sake of comparison

with /
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with other work this curve has been recalculated on
to a Raoult's Law basis and it can be seen from the graph

that Henry's Law only holds up to 0.2 per cent carbon.

The validity of this curve is extremely doubtful since
numerous assumptions are involved in its calculation,
namely the molecular species present in the solution and
the ideal behaviour of the components. . The data on which
X, and Ké are calculated is also suspect and there is a

further assumption on the temperature dependence of K and K2.

Another approach was made by Darken and Gurry (18)

who assume that carbon in a liquid iron - carbon alloy

has a constant « function (whered;s= inYj y ¥ i
2
(1 -ny)

being the activity coefficient of the species i, and
Yi = %i ) from zero carbon content up to saturation.
Ny

Hence /
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X 1 12
Hence log Jc*t = & (KFe ) (the superscript

1 denoting the liguid phase).
It is then assumed by Darken and Gurry (18) thet the £
function for the other component iron is also constant
in the solution, hence s-

log ¥_1 = (@1)?

Fe

To determine the value ofol at various temperatures,
Darken and Gurry (18) used the results of Smith (8) on
carbon activity in austenite, together with solubility data

and vapour pressure measurements from other sources (13’19"21).

Fe
4

Y xt v\ 2
The relationship 1ln a = = C = 3,3 ( No
Npe

¥

NFe

(where the supersoript § indicates in austenite), derived

from Smith's (8) results, was assumed to hold for iron in
austenite at all temperatures., The activity of iron

in austenite could then be determined at the austenite -

liquid phase boundary and combined with the data for the

free /
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free energy of fusion of ¥-iron it was possible to find
the activity of iron in the liquid phase. By this
calculation the o function was found for the Graphite
Eutectie (1153°C) and at the §-Y-Liquid Equilibrium
(1492°C). The o function was also obtained in the
vicinity of 1600°¢ (20) and from vapour pressure
measurements at 265o°c (21). These resulis were then
plotted on a graph of « function against l/T (where T

is the absolute temperature) and although the points were
somewhat scattered they approximated to a straight line

through the origin.

By representing the o function by A/T (where A is

a constant, the slope of the line) the following relatiomship

was obtained from the graph,

log ¥ red = - 4260 (Nel) 2

The /
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The standard state being ) Fel = 1 when NFel =1

*

In order to determine a reciprocal equation for the
activity coefficient of carbon, Darken and Gu:ry (185
ehanged the standard state since a reciprocal standard
state for carbon would be unrealistic. By choosing
grapkite saturation as the standard state for carbon
(agt = Nl /) ol = 1) at any particular temperature
then

log xval L - &%?9'[(NFbl)2 _ (NFel sat)a} - log Nbl sat
wkere the supersoript sat indicates a saturated solution.
From this equation a plot of activity of carbon against

mole fraction was drawn and it is also shown in Graph II.

The validity of this graph is extremely dubious for
the following reasons. Very few metallic solutions have

a constant < function and there is no reason why this

assumption ghould be correect in the iron - carbon

system/
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system. However if a constant o< function is assumed it
limits the need for other assumptions which may or may
not be justified., However, Darken and Gurry (18) proceed
to make a further assumption, that the o{ function is
proportional to 1/T. This actually implies, though the
faet is not stated, that carbon forme a regular solution

in iron, which, to say the least, is extremely unlikely.

A very similar calculation was performed by Rist and

Chipman (4) using their own very limited experimental

(3) |

results together with those of Dennis and Rickardson

Rist and Chipman (4) plotted the function

2 2
p-co ) against (1 - Np, ) at

pCOZ Ng
different temperatures. Since most of the experimental

1 1
log X, (where K, =

data related to a temperature of 1560°C this isotherm
was drawn as a straight line through the experimental

points /
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points to the point of graphite saturation. This assumes
that log K'" is proportional to (1 ~ N?ez) which in effect
assumes a éonatant o function. Linear isotherms for the
other temperatures were drawn on the assumption that
their slopes were proportional to 1/T and hence could be
caleulated from the slope of the 1560°C isotherm. Since

"
log K, is related to log X’c by the expression
log K = log Ky + log ¥ ,, it allows a relationship

A

of the form log ¥ c = ~T (1 - NFGZ) to be obtained,

As pointed out above in connection with Darken and Gurry (18)

this expression in effect assumes a regular solution
although this is not pointed out by either Darken and
Gurry (185 or by Rist and Chipman (4). However, since an
equation of this type did not give agreement with the
points eorresponding to grapkite saturation at all

temperatures /
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temperature, it was necessary to introduce an empirical
temperature coefficient for A and the following expression
was given, representing the best fit with the experimental

datas

- 2

log), = 4320[1-&-4::104 (7 -I'Z’IO)JI-NFe
T

A plot of activity of carbon from this expression at

1540°¢ against mole fraction is shown in Graph 11,

From this graph a very close relationship can be

(4)

geen between the results of Rist and Chipman and
Daiken and Gurry (18) which at first sight may appear to
be support for the validity of their calculations, The
agreement is not so surprising however when it is
coneidered that almost identical assumptions have been
used to predict the temperature and composition

dependence of the activity, namely that there is a

constant /
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constant < function and that behaviour is that of a
regular solution in the case of Darken and Gurry (18),
This latter assumption is slightly modified by Rist and

(4)

Chipman assuming an empirical correction to the
constant A. It can be seen therefore that experimental

results at higher carbon levels are required to show

whether these rather sweeping assumptions are valid.

Turkdogan et al (6) as has been mentioned
obtagined somp results up to 3.99 per cent carbon at
1500°C. In an attempt to obtain results over the whole
range of compositions Turkdogan et al (6) plotted a

graph of 1log a; Np, against N, and found the former
Ng Npe

function to be approximately constant from 0.14 N, up
to saturation. From this graph the relative partial
molal heat of carbon (AH,) Wwas found to be 3,200 £ 1300 cal/

mole for 0.14 N, up to saturation whereas Dennis and

Richardson /
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Richardson (3) had ob*baz’.ned'a. value in dilute solutions
i.e. Ny <0.025 of AH, = 6,400 X 2000 cal/moles
Turkdogan et al (6) pointed out that a value of

4400 cal/mole could be obtained within the error limits
of the two sets of results. This value of A & Hy was
then assumed to be independent of temperature and
composition within the limits of accuracy of the reéults
and hence A—-éc, the partial molal entropy of solution
of carbon was calculated. From these values; the activity
of carbon could be calculated at any temperature or
composition., The results of this calculation at

1600°C are shown in Graph 1l.

The assumption that A—HI{O is independent of composition
results in the heat of mixing curve being linear which

is extremely unlikely., This is also directly opposed

to /
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to Darken and Gurry's (18) calculations which assume
a regular solution and hence a parabolic heat of

mixing curve,

Banya and Matoba (5) performed a similar calculation
by assuming Zrﬁc independent of composition, to extend
their regults from 2,02 per cent carbon, at 1560°C, up
to saturation. A graph of log Y , against N; was
plotted and it was shown that up to 0;09 K, & linear
relationship was obtained. A value of 5:?0 of
4130 % 1000 cal/mole was calculated up to 0.09 N, and
it was assumed to be independent of composition over
the whole range of concentration of iron~carbon alloys.
Hence iréo was calculated and values for activity of
carbon could then be found. A4 plot of these results

has also been shown in Graph ll.

The /
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The reliability of the values obtained is however
dombtful in view of the fact.that the error iné?ﬁc
is given as % 1000 cal/mole and a wide discrepancy
in carbom activity values would be obtained by calculations
uging the upper and lower limits of the 5Tﬁc value.
It would appear significant that these calculated
results correspond to a simple smooth curve obtained
by extending the graph of log X o against N, up to
saturatioﬁ. Whether or not the simplest curve is the

correct one remains unknown.

CONCLUSION

It has been shown that most of the experimental work
oarried out has given results up to 1 = 2 per cent carbon
and that earbon in iron obeys Henry's Law up to onlyﬁ
0.62 Ny There is in :aot considerable agreement as to

the /
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the carbon activity values at low carbon contents, but

in the medium to high carbon range there is a Serious
lack of reliable experimental results. In order to
overcome this various attempts have been made to forecast
behaviour, at high contents, on theoﬁetical grounds. It
has been shown, however, that in all these cases only
reliable experimental evidence can show which, if any,

of these predictions are justified. It has been shown
that some of the assumpitions made are unlikely to be
correet and that the various expressions derived to
represent the behaviour of the iron-carbon melts are not
compatable with one another. Thus while attempts to
represent the activity of carbon in iron as a mathematical
function, applicable at all temperatures and compositions,
may be desirable they will require to be based on

stronger evidence than is at present available.
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Preliminary Discussion

The object of the presen£ work was to study thé
ac#ivity of carbon in liéuid.iron over a range of carbon
contents up to carbon saturation. A temperature of
1450°C was chosen for the initial experiments since
at this temperature a wide range of liquid ecompositions
from approximately 1 per cent up to 5.02 per cent carbon,
could be studied, this latter compesition representing
carbon satﬁratiop at 1450°C (4). It wgs, however, hoped
to carry out further studies at higher temperatures if

gatisfactory results were obtained at 1450°C.

Of the methods available for the activity determination,
those involving gas-metal equilibria were considered to
be the most accurate in view of the findings of previous

 workers /
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worke:s in this field. It appeared that the choice should
be made between the carbon monoxide - carbon dioxide

and the hydrogen - methane equilibria, which may be
expressed as shown.

002 + 2 = ZCOcooooc(l)

25, + C = CHf ¢ « o o « » (2)
The disadvantages of reaction (1) for a study at

high carbon contents are as followsi=
(a) The ratio of carbon dioxide to carbon monoxide is
so low that it is very difficult to control.
(v) A change in the carbon dioxide — carbon monoxide ratios
can occur by carbon deposition, as the gases leave the
hot zone of the reaction chamber

260 = C + COp
or by thermal segregation of the gas mixture in the

reaction tube.

(e) /
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() The gas - metal reactién is very slow in reaching
equilibrium,
(d) There is the danger of solubility of oxygen in the

melt affecting the carbon activity.

Reaction (2) also presents certain difficulties.
tn studying the equilib:ium constant of the reaction
one of the main disadvantages of this reaction becomes
apparent.

2H, + & = CH

pCHy
PH, x a,

K =

AG%17p3 = 23,500 cal/mole (22)
a@® = ~-BRT Ink

23,500 = ~4.575 x 1723 log K
oK = 1.04 x 1073
Therefore at carbon saturation (ag equal to unity),

where the maximum amount of methane is formed.

x/
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2

= 1.04 x 1073
PHQ

The equilibrium thus corresponds to only 0.1 per cent
methane in hydrogen at 1450°C. Thus, if the hydrogen —
methane equilibrium is to be used to study the aetivity
of carbon, it is necessary to carry out measurements of
the very small amounts of methane formed with sufficient
accuracy to follow slight changes in the methane content

as the carbon concentration varies.

The other disadvantage in reaction (2) is because in
work of this kind a metal oxide crucible is generally
used to contain the melt., This can result in the formation
of carbon monoxide by the reaction between the carbon in
the melt‘and the metal oxide. If reaction (1) is being
used, any small quantity of carbon monoxide so_fcrmed is

insignificant /
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insignificant compared to the large partial pressure of
carbon monoxide introduced into the furnace. When using
reaction (2), however, even slight crucible reaction
will produce partial pressures of carbon monoxide
comparable to those of methane thus complicating the
gas analysis problem and perhaps affecting the final

gas — metal egquilibria,

Thqse disadvantages, namely th@ measuremnent of
small amounts of methane and the danger of crucible
reaction, must be overcome if reaction (2) is to be used.
- The overwhelming advantage, however, of this reaction, is
that the temperature coefficient of the hydrogen -
methane equilibrium is such that there is no dissociation
of methane with decreasing temperature, and there is |
therefore no variation between the amount of methane

formed /
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formed in the hot zone of the furnace and the amount
which is finally analysed. Since the disadvantages of
the carbon monoxide -~ carbon dioxide equilibrium become
increasingly formidable at high carbon contents, it was
decided to use the hydrogen - methane equilibrium to
study the carbon activity, while>bearing in mind the

difficulties already mentioned.

In carrying out this study the first essential

was to establish a suitable analytical technique since
only then could the results of the equiliﬁrium studies
be interpreted. If a suitable analysis technique was
not developed at the outset it would be very difficult
to determine whether or not any variation in the
experimental results was due to the inaccuracy of the
analysis technique, failure %o reach equilibrium or the

interference /
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interference of the crucible reaction.

Since normal gas analysis techniques are not
efficient enough to measure accurately the small amounts
of methane formed, some other technique must be used.
There are a number of possibilities for such measurements,
including infra~-red gas analysis, gas chromatography, gas
spectrometry or a radioactive tracer technique. Of all
these methods the one which offered the highest inherent
accuracy for the estimation of small quantities of carbon
in the gas phase was that involving a radicactive |
tracer, Since carbon has a suitable radiocasctive isotope
it was decided, in the first instance, to try to develop

a technique of this type for the estimation of methane.

Radioactive Tracer Technigue

Three radiocactive isotopes of carbon are known

namely /



namely €10, ¢}l and C14. c10 and ¢11, nowever, have
very short half-lives and are unsuitable for most

research‘purposes. 014, on the other hand, is a very
ugeful tracer element, its properties being summarised

in the table below

Isotopic |[Nuclear [Radiation| Max. |[Half Usual
M%ss spin Energy|Life |Production
ole = (In  |(Yrs)
16, 0000000 MEV)
6;4 14.00767 o B - 0.154% 5,100 N14(n,p)
' 0.004

The long half-life of C+4 precludes any difficulty due to
alteratioh in the specimen activity over any conceivable

experimental period. As can be seen from %he table,

014 emits no Y -rays, but only soft B particles which are

easily shielded during experimental operations. 'However,
the’sﬁall penetrating powers of the radiation necessitate

some special techniques for measuring the radiocactivity.

Various /
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Various tyﬁes of counters can be employed_to
measure the intensity of p radiation. Of these, the
most widely used, and the most straightforward type
of instrument is the Geiger-liller iube, and this was
chosen for the present work. There are two techniques
possible using a Geiger-Miller tube. In the first of
these the radiocactive source is located outside the
tube and the radiocactive particles enter the tube by
means of a thin window which is more or less transparent
to the radiation;' This is termed, for obvious reasons,
end-window counting. The alternative is to use a tube
into which the radioactive sample is introduced in the
form.of a gas. In order to use this technique, apparatus
is required to enable the counting tube to be filled
with a suitable gas mixture of accurate composition,

For this reason end-window counting appeared to be the

simpler /
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simpler technique requiring little equipment and no

complicated apparatus.

Radiocactive Measurement by means of an End-Window Counter

The end-window counting tube used in this study was
of type "E.W.3 H." supplied by 20th Century Electronics
Ltd. This is a halogen gquenched low voltage unit
with‘an operating plateau between 550 -~ TOO volts, the
end~window being of mica 1.5 = 2.5 mg/cmz. This
particularly thin window is essential for low energy B
parficles. The counting unit was an Echo-Scaler Type
"N 529 C" which is a five decade Scaler using "Dehatron"
tubeé, the output voltage being variable over two
ranges 250 ~ 1000 volts and 500 - 2000 volts, indicated
on a meter. In this Scaler positive pulses are fed into
an amplitude discriminator and a pulse shaping circuit.

Shaped /
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Shaped pulses above a pre-set amplitude are applied

to a chain of five triod coupled "Dekatron" tubes. An
Echo "3558" Probe Unit was included in the circuit to
introduce a known "dead time" after each registered
pulse. This is achieved by reducing the potential
applied to the centre wire of the tube by some 200 volts
for 200, 300, 400 or 5004 s (or 1000¢s by suitable
adjustment of the instrument). This allows a correction
to be applied to the measured count rate, making
allowance for emissions while the counter is insensitive
following the registration of a pulse. This reduction in
the total voltage also counteracts the phenomenon of
multiple discharge within the tube giving a longer and
flétter operating plateau. Multiple discharge results
from emission by the cathode of secondary electirons

due to positive ion bombardment following the initial

discharge /
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discharge and reduction of the tube voltage prevents such

secondary electrons from reaching the anode.

Since, as will be discussed later, it was intended
to count the €14 in the form of a solid sample a
Sample Chamber Type "N 619" combined with a Geiger-
Muller Tube Holder Type "N 620" was used. The Sample
Chamber consisted of a cast lsad chamber with a
hinged lead door. The interior of the chamber is
lined with Perspex to minimise "scatter" effects and
five pairs of grooves were milled in the side walls,
allowing samples to be loéated at different distances
from the end-window of the counting tube which was placed

in an aperture at the top of the chamber.

The most accurate method of end-window counting is
to have the sample in the form of a very thin layer of

powder /
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powder. In the present study it was decided to obtain

a sample in this form in the following manner. The
radiocactive methane formgd by passing hydrogen over

- the radioactive melt would be converted to carbon dioxide
while simultaneously oxidising the hydrogen by passing
the gas mixture through copper oxide at 500°C. The
carbon dioxide would then be bubbled through a

golution of sodium hydroxide and the resultant sodium

carbonate dried to form a powder suitable for counting.

In order to determine whether a suitable end-
window counting technique for ¢4 could be developed
on these lines, a series of éxperiments was carried out

as described below,

Radioactive carbon dioxide was prepéred by use of the
simple apparatus shown in Fig. 1. A fixed quantity of

radiocactive /
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radioactive barium carbonate (specific activity
54c/mM) was placed in the bottom of the flask and
hydrochloric acid (1:1) was allowed to run’iﬁto the
flask. The radioactive carbon dioxide thus formed was
carried by an argon flow into the two bubblers
containing N/50 sodium hydroxide. The first bubbler was
specially designed {o contain only lOccs of the
solution while still giving intimate contact between
the gas and the solution. This served to remove the
bulk of the carbon dioxide in as small an amount of
solution as possible so that the specific activity of
the solution would not be undesirably low. The second
gas jar contained 50ccs of sodium hydroxide to remove

the remainder of the radioactive carbon dioxide.

One cc samples were drawn from the radiocactive

gsolution /
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registered in the Geiger-Muller tube. Absorption by
the end~window itself while cutting down the number

of counts is a constant factor, whereas self-
absorption in the powder layer depends on the powder
thickness, the dist?ibution and also on the composition

of the powder.

In order to determine if the count rate was proporiional
to the amount of radioactive material present, mixtures
containihg varying proportions of the radiocactive sample
and pure N/SO sodium hydroxide were prepared, from which
lcc samples were drawn and counted as already described.

The results of these experiments are shown in Graph 1lll.
It can be seen from the graph that, although it
approximates to a linear relationship, there is

oconsiderable scatter of the points. In order to obtain

"/
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a criterion for the linearity of the relationship, the
correlation coefficient, r,for the results was obtained,
the value being 0.9958. In view of the scatter observed,
it was decided to test the reproducibility of the
results by measuring the count rate given by a number of
lcc samples drawn from the same radiocactive solution., It
can be seen from the results given in Table A that there
is meximum error of *i0 per cent on the mean value of

the results. This was considered to be undesirably high.

Table A Count rates on lcc samples of radioactive solution

Sample 1 2 3 4 5 6 7 8 Mean
Counts/ '

min. 92 91 84 92 95 103 95 9T 94.3
%Deviation

From tho mean —2¢4 +2¢9 1009 =2e4 +0.7 +9+2 +0eT +2.9 -

This variation might be due to the distribution of the
powder over the area of the planchette, altering the

self /
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self absorption from sample to samples In order to
improve the distribution of the specimen powder, a drop
of "Teepol™ was placed on the planchette prior to the
addition of the lcc sample in the hope that the
detergent solution, by decreasing the surface tension

of the droplet, would give a more even spread of the
liquid and hence of the resultant powder. The results
of five such tests are given in Table B from which it
can be noted that there appears to be little improvement

in the scatter which is - 9 per cent of the mean.

Table B Count rates on lcec samples of radioactive
golution in "Teepol"

Sample 1 2 3 4 5 Mean
Counts/ |
mine 83 89 97 99 81 9N
%Deviation

from the mean ~8¢8 =2,2 +6.6 +8.8 =4.4 =

These experiments indicated that the end-window

technique /
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technique would require refinement if results of the
desired accuracy were to be obtained. The basic reason
for the poor reproducibility is almost certainiy due

+to the low energy of the radiation from the 014 which
makes the method more sensitive to small variations

in the specimen geometry than in the case of an isctope
emitting high energy radiation. It is possible that the
accuracy migﬁt be improved by the use of other sample
preparation technigues, however, there is another
disadvantage which became apparent during these
experiments. The count rates measured by the end-
window counter were very low compared to the specific
activity of the solution which had been prepared, If
this technique‘was to be applied to the determination of
the thermodynamic activity of carbon in irén, a melt of

very high specific radioactivity would be required since

only /
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only a very small quantity of the C14 would be converted
‘to methane and subsequently to carbon dioxide. The
radioﬁctivs carbon dioxide would then be further
diluted, since only a fraction of the abéorbing solution
would bé removed for counting. From such a process .

it can be seen that the specific radioactivity of the
sample finally counted would be much lower than the
initial activity of the melt, and in order to obtain
counts of a significant level compared to background
radiation, an extremely high specific radioactivity in
the melt would be necessary. This is undesirable since
the danger involved in handling the radiocactive

material is increased.

It was, therefore, decided to endeavour to adopt
a gas counting technique. While requiring additional

apparatus /
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apparatus for handling the radioactive gas, this technique
has the advantage of being 904 efficient compared with

the end-window counter which is approximately 104
efficient.  Since the gas is actually contained within

the counting tube, there is little or no loss of the B
particles by self absorption or by absorption by a mica
window, The other difficulties referred to in the end-
window counter are also obviated by a technique of this

typeo

Gag Counting Technigue

Gas'counting can be carried out by one of two
methods, namely the "non self-guenching" counter or by
the "gelf-quenching" counter. In the former type the
phenomena of multiple discharge, which has been discussed
above, is prevented by means of an external guenching

circuit./



68.

circuit.

However in the present study it was decided to use
a "self-quenching" counter where the filling gas
congists of a simple gas together with an organiec
vapour such as carbon disulphide or alcohol} When the
positive ion of a large polyatomic molecule comes up to
the cathode wall, the molecule will, in general,
dissociate rather than release secondary electrons
from the metal cathode., Thus by having an organic
- vapour present in the filling gas, secondary electron
emission Ey positive ion impact may be eliminated and
with it the necessity of an external quenching circuit.
However since it is difficult to obtain a vapour
baving ideal characteristics with reference to both
positive ion interchange and efficient molecular

dissociation /
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dissociation an electronic quenching circuit is also
desirable. The most successful combination is not,

therefore, a true "self-quenching'" counter.

The counter tube used throughout the investigation
was of Type "GA 1OM", which has stainless steel cathode
and is 380 x 30 mm overall size. This was used together
with the Scaler already described, the probe unit
being adjusfad to 1OOQﬂs. -The voltage at which the tube
shows its operating plateau depends on the composition
and pressure of the filling gas. Due to the fact that
the output voltage of the Scaler unit was limited to
2000 volts (it could be used up to 2075 volts) a
suitable gas mixture had to be selected. Since the
gpparatus Had béen already airanged to remove radiocactive
carbon from the gas mixture in the form of carbon

dioxide /
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dioxide it was convenient to retain the carbon in this
form for gas counting. Counting of carbon as carbon
dioxide has been investigated by Eidenoff (26) 4

who showed that satisfactory results could be obtained
over a wide range of pressures and voltage, in the presence
of carbon disulphide as a quenchant. From this work

it appeared that 4 cms Hg pressure of carbon dioxide

together with 2 cms Hg of carbon disulphide would be

a sultable mixture for work up to 2000 volts.

The arrangement for filling the counting fube is
illustrated diagramatically in Fig. II. The radioactive
carbon dioxide was passed through trap (A) immersed
in a mixture of alcchol and "Dricold" to remove the
water vapour present and any residual vapour was removed
in the two drying tubes containing alundum boats

filled /
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filled with magnesium perchlorate. The carbon

dioxide was condensed in a trap (B) which was immersed
in liquid oxygen. The vacuum line between taps

(1) and(11) was then pumped down to 0.001 mm Hg by
‘means of altwo stage rotary pump, prior to allowing
tﬁe carbon dioxide to wvolatilize and fill the system.
If more than 4 om Hg pressure was present the carbon
dioxide was again frozen out by means of the liquid
oxygen. It was again allowed to volatilize and when

4 cm was present tap (3) was closed. If, on the other
hand, less than 4 cum Hg of carbon dioxide was present
it was made up to 4 cm Hg by means of non-radiocactive
carbon dioxide from Bulb (D) which had been préviously
filled from a cylinder. 2 cm Hg of carbon disulphide
was then added by manipulating the tap above the carbon
disulphide bulb., After allowing the gas to mix for

two /
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two or three minutes tap (5) on the counting tube

was closed and the system was pumped down. The exit
gases from the pump were led through a sodium hydroxide
bubbler to prevent any danger of radioactive gas
escaping to atmospbere. After tap (4) was closed, the
counting tube was disconnected from the vacuum line

and taken to the counting apparatus.

In order to reduce the "background" counts %o
a minimum a lead "castle" was prepared by casting
lead into the annulus between steel tubes of 45" and
11" diameter. The counting tube was placed in this
ocastle” prior to counting. A check on the background
count was made by filling the tube with 4 c¢m Hg carbon
dioxide from Bulb (D) and adding 2 cm Hg of carbon
disulphide from Bulb (C). The background count was

generally /
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generally of the order of 60 ~ 80 counts per minute.

Whén counting the plateau was determined by taking
counts at increasing voltages until racing occurred (i.e.
when & continuous discharge formed)._’A plot of count
rate against vo;tage was then drawn (Graph 1V being a
typical example) and the count taken was that obtained
two thirds of the distance along the‘plateau. The
plateau range was normally of the order of 75 volts

- with a slope over that range of approximately 5 per cent.

In order to determine the efficiency of this
technique, radioactive carbon dioxide was prepared
from radiocactive barium carbonate as previously
described, but in this case the ocarbon dioxide carried
in the argon stream was introduced into the gas counting

line. The carbon dioxide present was frozen out in

trap /
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trap (B), (Fig. 11), the argon passing through the
system and out at tap ll. The system from taps 1 - 11
including Bulb (E) was evacuated with the condenser (B)
surrounded by liquid oxygen. After some five minutes
pumping the pump was shut off, the liquid air trap
removed and the carbon dioxide allowed to f£ill Bulb
(E). Mixtures containing varying proportions of the
aotive gas in Bulb (E) and the normal carbon dioxide
from Bulb (D) were then prepared and counted. 4 plot
of the results can be seen in Graph V. It can be seen
from the Graph that a linear relationship is obtained
and that the points fit the curve very well. The
correlation coefficient calculated in this case gave
a value of 0.9995 which is a distinct improvement in
the value of 0.995 obtained with the end—window
téchnique, It did in fact appear that any slight

deviation /



deviation from the line coculd be attributed to the
difficulty of obtaining very accurate pressure measurcments
while filling the tube with the constituent gases rather
than any defect in the counting technique, This is
substantiated by the fact that the reproducibility in
successive samples was of the order of to per cent,

which corresponds to an error of . 4 mm in the manometer
readings when the gas sémples are introduced into the

counting tube.

By this method much higher count rates were obtained
with the same quantity of radiocactive carbon as had
been used in the end-window technique. It appeared
that a highly successful counting technigue had been
developed which would enable accurate determinations to
be made of the radioactive gas formed when passing

hydrogen /
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hydrogen over a radiocactive melt.

It was intended to utilise the radiocactive
technigue by bringing to equilibrium with hydrogen a
melt containing some radioactive carbon and with a
total carbon content equivalent to saturation at the
- desired operating temperature. The count rate determined
on the methane formed during this experiment may then be
considered to represent unit activity, since the standard
state chosen is that of carbon saturation. Subsegquent
melts of lower carbon content may then be prepared by
dilution of the original melt with carbon free iron.
This does not alter the specific activity of the carbon
present and, therefore, the ratio of the count rate
obtained on equilibrating a lower carbon melt to that
obtained for saturation is equivelent to the ratio of the

methane /
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methane contents in the two cases. Activity of the carbon

is thus measured directly.

An apparatus in which experiments of this type

could be performed was assembled,

Crucible Material

In view of the danger, discusséd earlier, of
crucible reaction affecting the results obtained,
careful consideration was given to the choice of
crucible material. This topic is fully discussed later.
Alumina crucibles were used in most of the experimental
work since, apart from theoretical considerations,
these érucibles have the advantages of high purity and
of being readily available in an extremely well shaped
and fired condition. In some experiments alumina

was /
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was replaced by boron nitride or beryllia crucibles.

Purnace and Reaction Chamber

The furnace and reaction chamber are illustrated
diagramatically in Fig. 111. A furnace heated by four
silicon carbide resistance elements ("Crusilite" Type
"DS") was used to give a temperature of 1450°C. The
advantages of this form of heating are that a temperature
of 145000 can be reached quickly, a long hot zone is
obtained (a drop of 13°C over a 3" length being obtained
with the present furneace), and the elements are unaffected

by intermittent use of the furnace.

A refractory tube 59 mm external diamet€Zy 50 mm
internal diameter, 560 mm long and closed at one end
was inserted in the furnace and used as the reaction

chamber /
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chamber.

The power input into the furnace was controlled by a
30 amp Variac autotransformer. The temperature was
regulated by a "Kelvin Hughes" controllsr which was
connected to a platinum / 13 per cent rhodium - platinum
thermocouple housed in a mullite (or alumina) thermocouple
sheath positioned against the outside of the reaction
chamber, Obviously this control couple did not give an
accurate measurement of the melt temperature and this was
measured accurately by a platinum / 13 per cent rhodium -
platinum thermocouple in a sheath inserted into the
reaction chamber and held just above the melt. The
e.m.f., generated by the thermocouple was measured by a
"Cambridge" potentiometer. The hot zone under conditions
approaching those during the experimental runs was

determined /
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determined by the normal technique of raising and lowering
the thermocouple within the reaction tube and measuring
the temperature. This enabled the temperature of thq

melt to be accurately determined by making allowance for
the distance of the thermocouple from the surface of the
melt. The thermocouple was alsc standardized against

the melting points of gold (1063°C) and palladium (1555°C).
By using these correction factors and by suitable
adjustment of the controller it was possible to maintain

the temperature at 1450 ¥ 5°C quite easily over long periocds.

In the initial experimental runs a mullite reaction
tube was used with mullite thermocouple sheaths, but,
for reasons which will be discussed later mullite was
replaced by recrystallized alumina refractories in most
of the runs, Whatever the refractory material used the

arrangement /
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arrangement was the same. The top of the furnace tube

was sealed by means of high temperature O-rings (Sil 160)
compressed on to the walls of the tube by the brass top

and ring clamps (R) shown in Fig.1l. The inner thermocouple
sheath (600 mm long, 10 mm external diameter and 6 mm
internal diameter) and the gas inlet tube were sealed

to the ﬁrass top by O-rings., The latter tube (800 mm

long, 6 mm external diameter and 3 mm internal diameter)
entered the reaction chamber at a slighﬁ angle so that

it dipped into the meltvwithouﬁ touching the thermocouple

sheathe

Initially the brass top of the reaction chamber was
cooled by a water cooled copper coil round the top 6"
of the reaction tube. This, however, resulted in a
number of tubes being cracked since water condensed on

the /
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the copper tube and dropped on to the hot refractory
material. The water cooling system was replaced therefore
by a radiation shield consisting of a piece of platinum
foil suspended 6" from the top of the tube., This proved
to be quite satisfactory provided high temperature

silicone O-rings were employed.

The crucible, normally containing 50 gm of metal, was
set in the hot zone of the tube by placing it on an
alumina stool of appropriate height. The stool sat on
the bottom of the reaction tube but latterly a stool was
placed externally under the base of the tube and the hot
zone was then so near the bottom of the tube that no
internal stool was necessary. The thermocouple sheath
was lowered to a fixed distance from the metal surface and
the O-ring joint was tightened. The gas inlet tube

could /
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could then be adjusted so that the gas bubbled through
the melt or played on to the metal surface from any fixed
distance above the melt. The positioning of the gas

inlet tube will be discussed later,

Great care had to be taken to ensure that the whole
of the reaction chamber was gas tight since any inleakage
would have led to oxygen contamination in the furnace gases
and leaka ge outwards would also have been particularly
dangerous due to the possibility of radioactive gases

escaping.

Gas Purification Train

The gases used during the experimental runs were
high purity hydrogen and high purity nitrogen or argon.
These gases, as supplied, were all stated to contain less

than /
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than 10 v.p.m. oxygen, however, in order to ensure that
the gases were as pure as possible they were passed
through the purification train illustrated diagramatically
in Fig. 1V. The gas was passed across a bleeder

column (Y), where by adjustment of the water level, the
flow rate of the gas through the system could be regulated.
The gas was then passed through the gas meter (%), where
the volume of the gas could be carefully measured. This
meter prior to use was checked by means of a water
displacement technique and found to be very accurate.
Since the gas had picked up water vapour in these stages
it was then passed through concentrated sulphuric acid and
through a U~tube containing magnesium perchlorate. Any
carbon dioxide present in the gas was removed by a tower
containing soda asbestos. At this stage the purification
train was split in two, one part for the purification of

hydrogen /
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hydrogen and the other for the purification of nitrogen

and argons

In the hydrogen purification train the gas was passed
through a tube containing platinised asbestos at 300°¢.
The platinised asbestos was interspersed with small
silica chips to avoid any danger of the platinised
asbestos choking the tube when the gas flowed through,
Platinised asbestos catalyzes the combination of hydrogen
and any oxygen present to form water vapour, this being

removed by a U-tube containing magnesium perchlorate.

The purification of the argon and nitrogen was
achieved by simply passing the gas through a stainless
steel tube containing calcium turnings at 680°C, any
oxygzen present being thus converted to calcium oxide

and hence removed from the inert gas.

The /
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The two way tap (12) allowed the gas from either of
the purification trains to be passed, subsequently, through
a "Deoxo" tube which is also a catalytic method for
hydrogen purification. The gases then entered a copper
chamber containing a drying agent, either magnesium
perchlorate, or in later runs a molecular sieve, material
Type "54A". The reason for using this metal drying
chamber immediately prior to the reaction tube was that
all the connections in the purification train were of
either rubber or polythene and figures quoted by Barrer (23)
and tests described by Hayward (24) show that these tubes
are permeable to water vapour. The copper drying chamber
was connected directly to the alumina gas inlet tube by
means of a copper tube, the connection being made by
"Araldite™, This arrangement ensured that no water vapour
which permeated through the other connections could entexr

the /
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the reaction chamber.

Copper Oxide Furnace

The gases leaving the reaction chamber passed through
another copper drying chamber containing magnesium
perchlorate which prevented any water vapour diffusing back
into the reaction chamber, The gas was then passed
through the furnace containing copper oxide at 700°C
to convert the methane to carbon dioxide. Free energy
data for the reaction allows the extent of methane

conversion to be estimated as shown ¢

]

CHy + 4Cul CO, + 2H20 + 4Cu

22)
° . 126,480 (%)
x . P00 xpH0®  “fooo o4

pCE4
log K = 27.7

K = 10 27.7

This very high value for the equilibrium constant

indicates /
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indicates that the residual methane content is exceptionally
small under equilibrium conditions, so that quantitative

conversion to carbon dioxide may be assumed.

The furnace is shown diagramatically in Fig. 111l.
The fine copper oxide is contained in two silica tubes
which are connected to the two-way stopcock (13), by
means of O-rings and brass unions. The limb (M) has
an inlet tube connected to it in order that nitrogen
can be introduced to flush out any radiocactive gas left
in the tube after each run. The exit end of this limb
is connected to the analysis part of the system by
another O-ring and brass union joint. The lower end of
the second silica tube is connected similarly to two
bubbling tubes containing 100 cc of N/50 sodium hydroxide.
This limb is merely a by-pass used while flushing out

the /
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the reaction chamber,

Preparation of Iron — Carbon Alloys

As discussed previously the purpose of the first
experimental runs was to obtain a radiocactive count rate
corresponding to equilibrium between hydrogen and a melt
saturated with carbon at 1450°C, this represents unit
activity of carbon. It was necessary, therefore, to
prepare a sample of iron containing 5.025 per cent

(4)

carbon, the saturation value for carbon at 1450°C ,
part of this being in the form of C*4. An initial
attempt to prepare iron saturated with carbon was made
by heating 500 gm of armco iron (analysis : € 0.10

per cent; Mn 0.013 per cent; P 0.005 per cent; S 0.035
per cent; Si a trace) in a graphite crucible at 1450°C

in a high frequency furnace. The metal was held at this

temperature /
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temperature before quenching into water. However, on
analysing for carbon it was found to be well below
saturation. This appears to be due to some carbon
coming out of solution as the temperature fell in the

interval between sampling and quenchinge.

A second attempt wasg made, the iron being heated
again in a carbon crucible but in this case in the
experimental furnace already described. After holding the
iron at 1450°C for half an hour a silica sampling tube
wag dipped into the melt and a sample was drawn into the
tube by suction and quickly gquenched in water. Again,
however, the carbon analysis was lower than the saturation
value. Thus it appeared that the guench was still not

gquick enough to prevent carbon coming out of solution.

This problem was finally overcome by preparing a

sample /
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sample of iron containing more than 5.025 per cent carbon
and mixing this sample with another containing less than
the saturation amount. The high carbon sample was
prepared by heating 500 gm of armco iron in a graphite
crucible to 1550°C by means of a platinum wound furnace,
At 1550°C the solubility of carbon is much higher. Again
the metal was drawn into silica sampling tubes and water
quenched. On drying the metal was analysed for carbon
and found to contain more than the necessary 5.025 per

cent carbon.

This technique also allowed the problem of introducing
radioactive carbon into the melt to be overcome. A
radiocactive sample was prepared by putting fixed weightis
of high purity electrolytic iron and graphite powder in

an alumina crucible together with 0.2 gm ¢4 (low

specific /
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specific activity), these quantities being chosen to

give a sample of iron containing approximately 2 per cent
carbon. This melt was deliberately left well below
saturation in order to avoid any danger of loss of
radioactive carbon. The melt was heated in wacuo to 1450°C
and held for 2 - 3 hours and then allowed to cool in the
furnace., The final samples for experimental runs could
then be obtained by mixing this radioactive sample with
the oversaturated metal in the required proportions to

give a radiocactive sample of the requisite carbon contente

Dilution of the carbon content for some runs was
achieved by simply adding the required amount of elscirolytic

iron to the saturated sample.

épalysis of Carbon in Iron

The /
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The normal gravimetric combustion method (25) was
used for the analysis of carbon in iron. 1.362 gm
of the powdered alloy was held in a pre-ignited
combustion boat for half an hour at 1100°C while
oxygen at a rate of 300 ml per minute was passed over
the metal sample. The carbon dioxide formed was passed
through chromic acid to remove any sulphur gases
present, then through concentrated sulphuric acid
bubblers and a magnesium perchlorate U~tube to remove
any moisture present before finally collecting the carbon
dioxide in a midvale bulb containing soda asbestos., The
increase in weight of the bulb multiplied by the
necessary factors gave the pe:centage of carbon in the
iron. The analysis was checked regularly by means of a

Britisbh Chemical Standard iron containing 3 per cent carbon.

Gas /
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Gas Analyasis by Gas Chromatographz

For reasons which will be discussed later it became
necessary to obtain a gas analysis technique which would
differentiate between carbon monoxide and methane in the
furnace gases. As indicated earlier, gas chromatography
also offers a method of detecting small percentages of
such gases, although quantitative estimation is difficult
at very low concentrations. The principle of this method
is that if a carrier gas containing the gas sample is
passed through a molecular sieve the individual constituents
in the gas mixture are retarded in the sieve for varying
lengths of time depending mainly on their molecular size.
A column of this type therefore offers a means of
separating the constituents of the gas mixture. If a
detecting device is present at the end of the column the

individual /



SNLVYVddY «HdVYDOOIVWOYHD SvD A O

pu —_— i
FA3IS YYINOIION Y
I WAYTS
\ EFELLICRE]
. . L37NT SVvV9
GELIEER A TIRERE , / _ul

HILMS _[lllu / 5
’yg311ve 132 ALIAIL DNANOD T¥NWHIHL
* ~ _ AOI .

ININWYIS

\
Y
\\

NGII59¢ 30Ig

¥oI6 Ivoaams

\ “NO 151539
i .E.GM

N

INIWYIILS

SYO L1S1S3Y¥0I1-0

H3040234Y Ol



95

individual constituents can be identified and their
concentrations estimated by reference to suitable
standards. The detection device usually measures the
change in some physical property, such as density,
viscogity, infra-red absorption, thermal conductivity

or heat of absorption, due to the presence of the various
constituents in the carrier gas stream. Measurements

by means of thermal conductivity, however, have proved

40 be both reliable and sensitive. An apparstus of this
type (27) was constructed in an attempt %o identify

methane and carbon monoxide in the furnace gasese

The apparatus is illustrated in Fig. V. The carrier
gas used was hydrogen flowing at the rate of 100 ml
per minute. The hydrogen passed through the reference
arm of the thermal conductivity cell and subsequently

through /
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through the separating column consisting of a 3" length
of 1/4" external diameter copper tubing packed with
molecular sieve material Type "5A" (dehydrated aluminium
calcium silicate) ground to =30 +60 mesh. The gas
sample to be analysed was introduced into the carrier gas
stream entering the column by means of a hypodermic
gyringe inserted through a serum cap on the side tube.
After passing dhrough the molecular sieve the gases
entered the detecting arm of the thermal conductivity

cell and thence passed to atmosphere,

The thermal conductivity cell (27) ia illustrated
diagramatically in Fig. V. Two similar chambers are
machined in a brass block, which because of its high
thermal conductivity and large mass acts as a temperature

stabiliser, Two identical filaments, each consisting of

a /
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a spiral 0.3 cm in diameter containing 14 cm of 0,005 cm
diameter platinum wire, are silver soldered to the ends
of insulating terminals mounted on brass caps

through which the leads are taken to external connections.
The brass caps are sealed by O-rings to the body of the

cell so that the filements are in line with the gas channels.

The electrical circuit which is basically a
Wheatstone Bridge arrangement is illustrated in Pig. V.
The filaments are heated by the current supplied from the
10v source, the filament temperature being controlled by
the variable resistance. Preliminary experiments
indicated that a current of 0.66 amps gave a filament
temperature which resulted in a suitable response of the
filament resistance to variations in the thermal
conductivity of the gas in the detecting chamber. The

out /
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out of balance potential of the Wheatstone Bridge
cirocuit, resulting from changes in the resistance of

the detecting filament was recorded directly by a
"Honeywell" strip chart recorder with a total range

of 0 - 10 mv. and characteristic peaks on the trace
produced by the recorder enabled both identification and

an estimation of the gases present,

The method for determining the volume of gas present
is to measure the area under the peak and in order to
establish that this area is proportional to the quantity
of gas introduced into the apparatus different volumes
of air were introduced by means of the hypodermic
syringe. A plot of the areas obtained against the volume
of gas introduced is shown in GraphsVi-Vifrom which

it can be seen that a linear relationship is obtained.

Since /
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Since in the present study it was desirable to
detect the presence and amount of methane and carbon
monoxide in hydrogen, fixed volumes of pure carbon
monoxide and known air-methane mixtures were introduced
into the system. The unknown gases could then be
identified by comparing the time interval between
introducing the gas sample and the point where the
individual peaks appeared with that of the known gas
sample, Having identified the gas, its volume could
then be assessed by comparing the area under the peak
with the area for a known volume of the gas. In this
manner both carbon monoxide and methane could be
identified and measured since they separated gquite

distinctlye.

The amount of methane expected was about 0.l per

cent /
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cent in hydrogen and in order to measure such a small
quantity of gas in the apparatus available it would be
necessary to introduce a very large sample of the gas.
As this was impracticable, it was decided to concentrate
the gas by removing some of the hydrogen by means of a
palladium thimble heated to 250°C through which the
hydrogen could diffuse. A 100 cc sample was thus
concentrated to approximately 30 ces and a 10 cc sample
was taken and introduced into the chromatography
apparatus. By this technique it was possible to detect
very small guantities of methane and carbon monoxide
but the accuracy of the measurement below 0.l per cent

was poOT.

Procedure for Experimental Runs

50 gm of the requisite metal sample was placed in

the /
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the crucible which was then lowered into the reaction
chamber. The reaction chamber was then sealed by
means of the brass top and O-rings with the end of the
thermocouple sheath positioned just above the metal
surface. Before the run was commenced the gas-inlet
tube was clamped by its sealing ring in a position well
above the metal surface and the reaction chamber and gas
analysis apparatus were evacuated. On reaching a
suitable vacuum (zero reading on the manometer) the
furnace was brought to temperature while purging out
the gas purification train with argon or nitrogen and
allowing this gas to pass to aimosphere via tap 13.
When a radioactive sample was being used particular
care had to be exercised so that if any radiocactive

gas was formed within the furnace it was not allowed to
escape t0 atmosphere via the vacuum pump. For this

reason /
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reason the copper oxide furnace was always kept at a
temperature of 500°C, t0 convert any carbon monoxide
- present to carbon dioxide and two bubblers containiﬁg
100 coes each of N/SO sodium hydroxide were connected

to the exhaust side of the vacuum pump.

On reaching the temperature required, the gas-
inlet tube was lowered to the appropriate depth, relative
to the melt, and the vacuum tap 13 was closed. The
inert gas was then allowed to flow into the reastion
chamber and on reaching atmospheric pressure the
tap 13 was turned to allow the gas to flow down
limb (N) containing copper oxide and subsequently
into the bubblers containing X/50 sodium hydroxide.
The tap to the vacuum pump was closed and nitrogen'

was passed via tap 15 into the analysis section and out

the /
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the exit end of the vacuum line, The water freexzing
jacket (A), containing a mixture of "Dricold" and
alcohol at approximately -30°C was brought into
position as was the liquid oxygen container to freeze
out the carbon dioxide., When these traps wers in
position ﬁhe exit tap was closed and the nitrogen
turned off prior to closing tap 15, leaving the

analysis side of the apparatus filled with nitrogen.

When the necessary amount of gas (2 = 3 litres) had
been passed to flush out the reaction chamber, tap 13
was turned so that the gas was passing into the analysis
section, the exit tap was opened and a stopclock was
started. When two litres of gas as measured by the
meter had passed through the system the tap, 13, was

turned so that the gas was again flowing down limb (N)

of /
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of the copper oxide furnace and the stopclock was

stopped thus allowing the flow rate of the gas during
the run to be calculated. The analysis side was then
flushed out by passing nitrogen through tap 15 for

five minutes at approximately 100ml per minute.

The choice of two litres of hydrogen was based on
a compromise between the size of the copper oxide furnace
and the amount of hydrogen required to give a measurable
amount of methane. In order to pass a larger volume
of hydrogen a greater amount of copper oxide would be
requifed to oxidise the hydrogen and methane and hence
a larger furnace would be required. A volume of two
litres of hydrogen allowed a number of consecutive runs
t0 be carried out before it was necessary to reoxidise

the copper.

When /
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When the analysis system had been flushed out the
exit tap (ll), and tap 1 were closed and this part of the
system including the counter tube was pumped down,

The tap leading to the pump was then closed, the liquid
oxygen trap was lowered and the carbon dioxide condenser
was allowed to reach room temperature before reading the

pressure on the manometer.

If gas was being counted, tap 3 was closed and‘the
pressure of carbon dioxide was brought up to 4 om Hg
by gas from bulb (D) which had been filled with carbon
dioxide from a cylinaer prior to the run commencing.

2 om Hg of carbon disulphide from buldb (E) was also
added, the tap 5 was closed and the system was pumped
down. Tap 4 wgs then closed and the counting tube was

disconnected and the gas was counted.

The /
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The counting tube was then replaced and the whole
analysis part of the system was pumped down prior to
filling with nitrogen in preparation for another ruhn

Thus a number of consecutive runs could be performed,

The above procedure applied to both the inert gas
and the hydrogen runs., At the commencement of a new
set of experiments a blank value was usually obtained
by passing the inert gas through the resction chamber.
When the blank had reached a fairly constant level
the tap prior to the reaction chamber was closed and the
reaction cheamber and the analysis section was pumped
down. Hydrogen was then passed through the purification
system, the necessary adjustments being made to the
train so that the hydrogen passed through the platinised
asbestos furnace rather than the calcium furnace. The
gas passed to atmosphere at the tap (14) prior to

the /
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the reaction chamber until the purification train was
completely purged out. Runs were then performed with

hydrogen in an exactly similar manner. If, however,

o

number of consecutive runs were performed the copper
oxide was eventually exhausted, this being indicated
by bubbles of gas passing out of the bubblers at the
exit end of the analysis section. It was then necessary
to re-oxidise the copper and this could be done simply
be opening tap 15 end drawing air through the copper
by means of the pump. Attempts to re-oxidise the
copper by passing oxygen through it resulted in
gintering of the copper. This was, of course, because
the oxidation of copper is an exothermic reaction

but the diluting effect of nitrogen in the air was
gufficient to keep the temperature below the sintering

temperature.

Another /
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Another difficulty with hydrogen runs was the large
amount of water frozen out in the trap (A), and after
about four runs it was necessary to remove the U~tube

and take om’s~ the ice formed to prevent the tube becoming

blocked.

When the runs were completed the anslysis section
and the reaction chamber were pumped down while the

furnace cooled.




CHAPTER IV

DISCUSSION OF RESULTS
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Discussion of Results and Experimental Difficulties

As has been already stated the initial experimental
runs were carried out using a mullite reaction chamber
with a carbon saturated melt contained in an alumina
crucible. The choice of a high temperature refractory
tube was rather limited and in the present work the tubes
congidered were mullite and alumina and as mullite
tubes were less expensive and had just as good physical
properties as the alumina tubes, the mullite tubes
were used initially to establish a suitable experimental
technique. The results of runs using a mullite tube are
shown in Table 1. It should be noted that as a different
melt was used in each experiment the specific activity
of the melts varied and the count rate was therefore
correspondingly different from run to run. However, it

can /
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can be seen from these resylts that the carbon dioxide
condensed in the apparatus, on expanding to fill the
volume between taps 1 and 11 (Fig.Il ), gave pressure
readings which varied from 0.7 to 39.5 om Hg. As this
quantity could be readily measured, it was felt that
initially this pressure measurement rather than a
radioactive measurement would give a suitable method of
comparison until a constant pressure value was obiained
for the carbon saturated melt. The volume between taps
1l and 11 was measured and found to be 202 cc. Hence the
pressures of carbon dioxide measured on the manometer
were converted to equivalent partial pressures of carbon
dioxide. These values are given in Table 1 and range
from a partial pressure of carbon dioxide of

0.91 x 1072 to 51.35 x 10~3 atmospheres. The

theoretical partial pressure of methane corresponding

to /
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to equilibrium with a carbon saturated melt can be
calculated as follows
AG%)7p3 = 23,500 cal/mole (22)

C + 2B, = CH

K = DPCH = 1,04 x 1073

2
PH™ x a,
Since the melt was saturated with carbon ag = 1

and it can be assumed that pHy, = 1

o pCH4 = 1.04 x 10™3 atmospheres

Since both the carbon dioxide and the methane molecules
contain a single carbon at§m, the partial pressure of
methane should correspond to the partial pressure of
carbon dioxide calculated from the experimental

readings,.

Thus, if equilibrium was reached between the hydrogen
and the melt the partial pressure of carbon dioxide
3

measured should also be 1.04 x 10 °. It can be seen,

therefore /
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therefore, from Table 1 that on the whole the partial
pressures of carbon dioxide measured in the runs using
the mullite tubes were much higher than the theoretical
value and also very erratic. In the case of the
extremely high values obtained, for example in runs

R3, R17, and R18, the only reasonable explanation would
appear to be that the system was not vacuum tight and
that considerable inleakage of air oceurred resulting in
the formation of large quantities of carbon monoxide.

It is unlikely, however, that this was the case in all
the runs giving high partial pressures of carbon dioxide,
It wes, therefore, obvious that the reason for these
unsatisfactory, high and variable results must be

investigated.

It is possible that some of the didcrepancy may be

attributed /
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attributed to a reaction between hydrogen and silica in
the mullite refractory resulting in the formation of
silicon monoxide.

8i0p + Hp = 8i0 + H0
The free energy of this reaction was calculated using
current free energy data for the formation of SiOs (28),
sio (28, 29) ana Hy0 (22) giving a value of
AG® = 50,990 cal/mole

1700

X = pSi0 XPHQO log X = —6055

H =
PH2 x asi02 K 10 7*

pHo can be regarded as unity, and pSi0O = pH0

e*s K = p2H20

%510,

30
But agjg, in mullite at 1450°9C = 0.5 (30)

e pHgO = 0038 X 10—.3 atmospheres.
If it is assumed that all the water vapour reacts with

carbon /
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carbon in the iron, then PHo0 = pCO= pCOs

o*e PCO2 - 0,38 x 103 atmospheres.

This value could have some significance in the results
and it was decided to carry out a similar calculatiom on
alumina to find if the problem of the formation of sub-

oxides was relevant when using alumina tubes,

Al203 + 2H, = Al20 + 2Hp0 AAGg7OO = 128,000cal/
mole (22)
K = ©p2H0 x pAl0
log kK = =~1l6.5
pHo0 = 2pdlo0
K = 4p3al0
pAlo0 = 6.3 x 1070

Hence pHo0 = 0.126 x 10-3 atmospheres.

Thus it can be seen that the reduction of alumina
by hydrogen is significantly less than the reduction of
mullite and for that reason mullite was replaced by

alumina, Having replaced the mullite tube and thermocouple

sheaths /



Runs_Performed at 1450°C in an AloOy Tube with C saturated Iron

TABLE IT

in an AloOs Crucible

3
P x10 Flow Rate

Run No. Count Rate Specifiec Notes

(02? ) (M1/Min) on Activity

atmos 4cm sample  (counts/Cm
(counta/min) Hg)

Py 7+ 02 60 7,800 1,950 A new tube was
Blanks 156 100 3,127 2,010 used.

1-69 40 2,361 1,774

3490 110 - -

078 60 1,000 1,667

1-43 100 1,790 1,627

0.78 130 1,210 2,017
- et
Blanks 1.17 50 2,500 2,778

091 70 1,950 2,785
Run 7+41 140 9,150 2,288
Blanks 325 40 5,800 2,320 o

1.3 40 - - On cooling the

tube was
e leaking .

P; 026 60 662 3,310 A new tube was
Blanks 1-04 50 2,150 2,688 used

065 140 1,390 2,780
Run 2299 120 4,920 2,139
Blank 065 70 1,360 2,720
Run 2-99 100 5,580 24426
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sheaths by alumina refractories another series of
experimental runs was carried out. The results of these
runs Pl, P2 and P3 are shown in Table 1l. In each

case the results shown were obtained consecutively by
passing two litres of gas over the melt each time. As
indicated in the table, the majority of these runs were
blank runs in which inert gas was passed over the melt.
The results obtained for the hydrogen runs were still
high compared with the theoretical value. The most
disturbing feature of the results, however, was the
relatively high partial pressures of carbon dioxide
recorded in the blank runs, It is obvious that the
theoretical value for hydrogen runs is unlikely to be
approached while appreciable guantities of carbon
dioxide are formed during a blank run immediately

preceeding the admission of hydrogen to the rsaction

chamber /
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chamber. The fact that the specific activity of the
carbon dioxide formed in the blank runs was comparable
with that obtained in hydrogen runs, within the probable
limits of accuracy of the pressure measurements, indicated
that gome reaction involving carbon from the melt was
proceeding while inert gas was flowing through the
reaction chamber. It therefore became necessary to

find the source of, and if possible eliminate, these

high blank values.

The poseible sources considered for the high blanks
were firstly crucible reaction, that is, reaction’
between the crucible material and carbon in the melt
and, secondly, oxygen being introduced into the reaction
chamber either from the gas stream or by leakage. These

sources will result in the formation in the reaction

chamber /
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chamber of carbon monoxide which will in turn be
converted to carbon dioxide on passing through the

copper oxide furmace., The radiocactive count does not
indicate whether the carbon dioxide condensed, originated
from methane or carbon monoxide, sincve both gases will

result in the same amount of 61402 being formed.

The most obvious source of the carbon monoxide
would appear to be from the crucible reaction and this

problem was therefore given considerable attention.

Reaction between the Crucible and the llel%

The choice of a suitable crucible material is rather
limited in work of this kind since the material must be
& high temperature refractory resistant to iron and carbon

attack and also impermeable to liquid iron. The

normal /
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normal type of crucible material used is a stable
refractory metal oxide although a nitride or a sulphide
could be used.s From free energy data the oxides of

the following metals would appear to be suitables
aluminium, beryllium, calcium, magnesium, thorium

and zirconium. Reactions between these oxides and
carbop in iron, with the subseguent formation of carbon
monoxide, are possible by two mechanisms, These
involve reductions of the oxide by carbon with the
formation of (a) the metal or (b) the metal carbide,
Both these reactions were considered from the
tﬁermcdynamic point of view. (a) The reaction of the
metal oxide with carbon can be considered as follows,
taking alumina as an example:

22
Alp03 + 3C = 2A1 + 300 AGPyg0 = 83,220cal/mole( )

for carbon saturated iron a, = 1 ,°. K= psco X aAlz

Tor /




For the calculation, shall Le assumed %o be unity,

Za
that is, saturation of aluwinium in the welt. During
these eXperiments the activity of aluminium will not

be unity and hence there will be a larger value for the
partial pressure of carbon monoxide. However, in the
calculation any alteration in the activiiy of aluminium
will have a smaller relative effect on pCO since plo
appears to the third power in the expression whereas TN

is only squared.

Hence log X = =10.7
v e p003= 10~10'7

pCO = 10=3+6
This value representing the partial pressure of carbon
monoxide required above the melt to suppress the reaction.
The results obtained, by similar calculations, for all

the ahove metal oxides have been tabulated below:

41503 BeC Cal gl 2r0o

k 1 ‘:I [“‘
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(b) The formation of a metal carbide must also be
considered, and again alumina is used as an example,

2A1203 + 92

#

Al,C; + 6C0 AG° = 133,640cal
43 1700 »640 cal/

mde(m)

K = p006 for carbon saturation

pco® = 10717.2

" pCO = 10729
The results have again been tabulated below for the other
mgtal oxide with the exception of beryllium oxide since
a value for the free energy of formation of beryllium
carbide could not be obtained.
41,03 BeO Ca0 Mg0 Zr0p

pCO  1072:9 - 10-2.8 10-6 1071+4

It can be seen from these figures based on equilibrium
data that all the oxides will react with carbon to some

extent /
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extent. The kinetics of these reactions will be the
final limiting factor, but as the rate of the reactions
in unknown the choice of the material used for the
crucible must be made from the equilibrium data.
Although some materials appear to be more suitable on
considering one of these reactions, the advantage may
not hold on considering the reactions together. Thus
beryllium oxide, which would appear to be most satisfactory
since there is little reduction of the oxide to the metal,
would not be an immediate cholice without data on the
formation of beryllium carbide. When both reactions

(a) and (b) are considered there is little to choose
between the oxides although lime and magensia would

appear to be slightly better than alumina.

The final choice of the crucible material,

however /
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however, cannot be based solely on thermodynamic date.
Magnesium has a high vapour pressure and hence the
crucible reaction would tent to proceed more rapidly due
to the continued loss of magnesium into the gas phase.
Lime crucibles are difficult to manufacture and store

due to the rapid formation of calcium hydroxide on
exposure to atmosphere. One apparently successful
technique is t0 produce a solid block of calcium oxide
by arc melting, the rate of hydration in this case

being much lower, but this is an extremely difficult
technique, Lime crucibles can be manufactured by other
techniques but the physical properties of these crucibles
cannot be guaranteed, Alumina, however, is available

in a form which has superior physical properties and since
it is not markedly inferior from the theoretical point

of view it was, as has been stated previously, decided

to /




TABLE IIT

Blanks Performed at 1450°C in an AJumina Tube with C saturated Iron
with up to 0-2% Al in an Alumina Crucible

Run No. Pgo. X 10 Flow Rate Notes
P
(atmos) (ml/min)
P4 078 190 New tubs.

039 130
026 130
O 39 100 After 2 Hp runs

Pé O« 21 100 New tube.
0. 52 120
0-26 180 After 2 Hy runs
0+ 65 140 After 2 Hy runs.

P1 091 110
026 200

P9 Qs 91 130

P10 104 110 New Tube

P13 0.0 140 New tube
Oel 120 After 2 Hy rums
0-78 120
104 160

+
Pla 065 150 New tube
P16 - 91 100 New tube
= -

P18 0.0 125 New tube

0-0 133

078 200 " After 11 Hy runs

Runs marked with + indicate runs using a molybdenum furnace.
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to use alumina crucibles in the preliminary runs at least,

If the blanks, which were obtained in runs Pl -
P3, were due solely to crucible reaction it would
indicate that the reaction was proceeding fairly
rapidly. This would of course mean that alumina was
not a satisfactory crucible material, In an attempt
to reduce the extent of the crucible reaction, up to
0.2 per cent aluminium was added to the melt in runs
P4 - P18 since this should tend to reduce the
formétionvof aluminium by reduction of the oxide.
The results of blank determinations carried out under
these conditions are shown in Table 111. It can be
seen from the results that the addition of aluminium %o
the melt did not affect the blank values greatly.
' However, the blank values showed two trends which were

confirmed /
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confirmed in later runs. Continued purging of the
reaction chamber by inert gas resulted in a decrease
in successive blank determinations and there was also
a tendency for higher blank values to be obtained

after a number of hydrogen runs had been carried out,

A further observation was made during this series
of runs. It was noted that the end of the alu&ina gag-
inlet tube which had been immersed in the melt appeared
to have been attacked by the metal, and that a considerable
amount of metal droplets had been splashed on to the
reaction tube wall during the experiments. This led
to a further consideration of the mechgnism of the
reactions, discussed above, betwpen carbon in the melt
and alumina. While the thermodynamics of these

reactions are identical whether the crucible, gas—inlet

tube /
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tube or reaction tuWe is considered, the kinetics of the
reaction are gquire different. Around the immersed
portion of the gas~inlet tube there is extireme agitation
of the melt by the bubbling gas, with the result that

any carbon monoxide formed from the reaction between the
tube and the melt is immediately carried off in the gas
stream and a fresh metal surface is continually presented
to the tube. In the crucible reaction, however, there

is less agitation of the bath at the melt crucible
interface and the rate of reaction is diffusion controlled
by either the rate of rembval of carbon monoxide from,

or the rate of migration of carbon to, the interface.
Thus any reaction betwsen the melt and alumina‘will be
more rapid at the gas—inlet tube than at the

crucible wall. The rate of reaction between metal

beads and the tube wall will also be diffusion

controlled but as the metal beads have a large surface

to /
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to volume ratio removal of carbon monoxide to the gas
phase will be much quicker than in the crucible, hence
the rate of reaction between the metal beads and the

tube wall will also be faster than the crucible reaction.

In order to eliminate attack of the gas-inlet tube
and to reduce the danger of metal splashing on to the tube
wall, the gas~inlet tube was raised to a position
slightly above the metal surface so that the gas stream
was impinging on to the surface. This should still
give intimate contact between the gas and metal and allow
rapid attainment of equilibrium. This procedure was
adopted in run P18 and in subsequent experiments and
resulted in a significant decrease in the blank values,
the partial pressure of carbon dioxide produced by two
litres of inert gas being in many cases too small to

measure /




TABLE_IV

Runs Performed at 1450°C in a Molybdenum Furnace with G Saturated Iron
in an AlpO3 Crucible with an Al-O; Tube

Run flo. x 1  Flow Rate Notes
(2%%0» (ml/min)
P14 Blank 065 150 New tube
Run 6¢ 24 140
P15 442 130
Runs 3+ 90 very slow
1-56 200
4+29 170
3+38 150
2299 140
P16 Blank 021 100 _ New tube
Runs ~ 455" ~ T T BO T T
2+ 99 90
R34 180
3+12 200
520 very slow
2+ 08 210
442 120
P17 4. 94 100
Runs 4e 42 181
663 133
611 133
650 154
7.8 93
611 18l
5:2 190
104 very slow
611 222
611 167
e _ b +63_ _ __ 98 _ _ _
0-91 167
Blanks 0+ 91 125 Tube leaking

(cont! @)



TABLE IV (Cont'd)

Run No. Peo, ¥ 10 Flow Rate Notes
(atmos) (ml/min)

P18 Blanks 0.0 125 New tube
0-0 133
1+43 200
507 89

Runs 1+ 56 190

3:25 200
4.16 95
4.81 133
4.16 R36
5. 59 89
1-82 211
481 182
3-64 160

Blank 0-78 200

P19 Blank 078 83 New tube used prior to this
0+52 11 : run for Hp/H,0 study
0. 52 133
00 133
0.13 118

Runs 4.81 95
ReR21 286
44 55 111
R« 60 286
5+ 20 67

P20 0«65 154 New Tube
013 154

Blanks 0«00 118

208 233
169 333
3+ 64 57

Runs 1-82 RR2
2 34 118

273 77
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measure. The fact that this procedure was effective,
whereas aluminium additions to the melt were not, may
indicate that the quantity of aluminium added was

ingufficient to alter the equilibrium appreciably.

It now appeared that the source of the high blank
values had been traced and eliminated. In subsequent
experiments for example P19 and P20 (Table 1V), it was
found that very low blank values could be obtained by
purging the reaction tube for a short time with inert
gas. This presumably had ths effect of removing any
traces of absorbéd oxygen from the reaction chamber.

On this basis'the original choice and the continued use
of alumina crucibles was justified since the extent of
the crucible reaction during the course of a single run

appeared to be negligible.

Results /
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Results obtained in the Hydrogen Runs

While endeavouring to reduce the blanks, hydrogen
rune were continued. It was found that the results in
all cases were very much higher than the theoretical
partial pressure of methane of 1.04 x 10~3 atmospheres,
even when the blank value was taken into account
(Table 111), This was still found to be the case after
the blank had been reduced to negligible proportions.
Enother feature of the results was that they showed
considerable variation from run to run (Table 1V).

The reason for these high results was unknown but various

possibilities were considered,

As en initial step in trying to explain why the
results of the hydrogen runs were higher than the

predicted /
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predicted theoretical value, the source of the
thermodynamic data, from which this value was calculated,
was checked. The data (22) which had been used were
found to be based on accurate calorimetric measurements
by the National Bureau of Standards (31) which is an
authoritative source. The accuracy of the free energy

of formation of methane, however, was given to = 500 cal/mole
g0 as an additional check it was decided to find the
effect of such a variation on the predicted partial
pressures of carbon dioxide and alsoc to find the effect of
an apprecizble variation in temperature (¥ 23°C) from

1450°C. The results are tabulated below.

s GP703 2670 AGP7o3 AGD,N, 4G94
123 +5%030a1 —Sgoscal 1700 “
aG° Vvalues
(cal/mole) 23,523 24,023 23,023 22,920 24,125

pCOs x107 1,035 0.895 1,20 1.13 0.953

Thus it can be seen that making allowance for the

maximum /
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maximum error in the thermodynamic data and for
relatively large variations in temperature has no
appreciable effect on the resultant partial pressure
of carbon dioxide and could certainly not explain the
order of difference obtained between the experimental

and the theoretical resulis.

The possibility of hydrogen reacting with carbon
to form hydrocarbons other than methane was also
considered, since any other hydrocarbons formed would
result in additional carbon dioxide and hence higher
pressures would be obtained experimentally. Formation
of highly complex hydrocarbons would be unlikely but
the simpler hydrocarbons, acetylene, ethylene and
ethane may be formed. The resultant carbon dioxide

formed due to these gases being produced was calculated

using /
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using the appropriate thermodynamic data (22’32) as

follows. Formation of acetylene:~

2 + Hp = CpHy  A0GPqg0 = 31,990 cal/mole

K = p02H2 since ac =1 and PH, = 1

log K -4.1

L 4

** pCoHo = 0.95 x 1074 atmospheres

hence pCO; = 0.19 x 21.0_3 atmospheres

Similar calculations were carried out for the formation
of ethylene and ethane and values of 0.089 x 10™3 and
0.615 x 107 atwmospheres partial pressure of carbon
dioxide were obtained respectively. Thus it would
appear that the more complex the hydrocarbon molecule
the less likelihood there is of it forming and there
i8 no necessity to consider longer chain hydrocarbons.
From these results it can be seen that tﬁese reactions
could only contribute up to 0.28 x 10-3 atmospheres

t0 the experimental results still leaving the major

part /
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part of the discrepancy unexplained.

Purity of Gases Entering the Reaction Chamber

The presence of water vapour in the gases entering
the reaction chamber is a possible source of high
experimental results, since this would lead to the
formation of carbon monoxide by the reaction s-

B0 + ¢ = Hy, + CO
Carbon monoxide may also ﬁe formed indirectly by
oxidation of methane,

CE4 + H0 = CO + 3H
This second reaction leads to the formation of carbon
monoxide at the expense of methane and might therefore
result in a low methane content. It was of course
impossible at this stage in the investigation to tell

whether or not oxidation of methane was occurring.

In /
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In view of the importance of excluding water vapour,
precautions had been taken, as described earlier, to
dry the gases entering the furnace by passing over -
magnesium perchlorate Mg(0104)2. The partial pressure
of water vapour should be reduced by this desicecant
to 1.24 x 107 atmospheres (34) eliminating the possibility
of high results from this source. There is however the
danger that magnesium perchlorate will be hydrated %o
form Mg(C104)2 38,0 resulting in a higher water vapour
pressure in the system. For this reason a molecular
sieve material (Type 5A) was used as a drying agent in
later runs, from P29 onwards., This, however, did not

have any obvious effect on the resulis,

Before dismissing the question of water vapour
in the system consideration was given to a further

possible /
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possible reaction. Turkdogan et al (6) have
suggested that at low water vapour pressures the
following reaction may occur.

3CH4 + 2“203 = Al403 + 6H20 _AG§7OO= 220,640 ;?ié (22)

Assuming that the partial pressure of methane corresponds
to equilibrium with hydrogen and carbon, this would
result in a partial pressure of water vapour equal to

0.574 x 10"'6 atmospheres.

If the water vapour formed was continuously
converted %o carbon monoxide by reaetion with carbon in
the melt in a eyclic process, such as used by Turkdogan
et al (6), this reaction could result in appreciable
formation of carbon monoxide. In the present study,
however, the gases were not cycled and the water vapour

. -6
pressure of the dried hydrogen (0,124 x 10 = atmospheres)

was /
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was very close to the equilibrium value of 0.574

-5 .
x 10 = for the above reaction. Thus any contribution
of earbon monoxide from this source would be negligible

in the present work.

The possibility of hydrogen carrying other impurities
" such as oxygen or hydrocarbons into the reaction chamber
was now considered. The presence of oxygen, like
water vapour, would lead to a high result since it would
react with either the methane or the carbon in the melt
to form carbon monoxide.

¢ + 30, = CO
In order to test the purity of the hydrogen the following
simple experiment was pexrformed. Five litres of
hydrogen was passed through the empty furmace tube at

145600 and any water formed, due to the reaction of any

oxygen /




TABLE T

Results of the Hydrogen-Water Vapour Experiments where Ho was'passed

through the empty tube at 1450°C_and the amount of

water formed was measgured.

X 3
Position PE,0 x 10 Preceding Subsequent Notes
of run ‘ value of value of

(atmos) H run Hy run

Between
P10 P11 164 349 3+ 38 Tube leaking
P17 P18 0+ 39 6+ 63 -
P18 P19 018 - 3:10 New tube used

P20 PRl 0-43 R+73 432
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oxygen present with the hydrogen, was measured by passing
the gas through a midvale bulb containing magnesium
perchlorate. It should be noted that this experiment
does not measure simply the oxygen carried into the
furnace chamber but also the oxygen present from other
sources, tube leaks, occluded oxygen and the reaction
between the hydrogen and the alumina. The results from
these experiments are shown in Table V from which it

can be seen that thé results vary from 0.18 x 1073 to
1l.64 x 1073 atmospheres partial pressure of water

vapour. It should be noted that the low value was
obtained with a new tube while the high value was obtained
with a tube which was thought to be leaking. While these
results would represent an appreciable contribution to
the carbon dioxide pressures obtained in presence of a

melt even the highest value does not account for the

level /
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level of the result obtained in a subsequent hydrogen -
methane run performed in the same tube (see Table V).
Since these results are obviously relevant to a
satisfactory explanation of the high carbon dioxide
pressures, they are discussed in greater detail at a

later stage.

While considering oxygen and water vapour being
transported into the reaction chamber by hydrogen, the
possibility of any hydrocarbons being present in the
hydrogen was considered. Any hydroecarbons introduced
into the reaction chamber by hydrogen would produce
carbon dioxide on passing through the copper oxide
furnace. To find, if in fact hydrogen did contain
an appreciable amount of hydrocarbons, the hydrogen was
passed directly through the copper oxide furnace and

any carbon dioxide formed was frozen out. The amount

of /
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of carbon dioxide formed was negligible, such a mechanism

therefore was rejected.

Danger of Tube Leaking

It had been found that the alumina tubes after one
or two runs with hydrogen were no longer vacuum tight
and in some cases slight pin hole porosity could be
Qetected in the region of the tube corresponding to
the hot zone of the furnace. If the tubes were not
vaouum tight there was the danger that oxygen would
diffuse into the reaction chamber and react with the melt.
In an attempt to eliminate any danger of oxygen diffusing
into the furnace tube it was decided to use a molybdenum
wound furnace in place of the crucible furnace previously
employed. The purpose of this was to obtain an arrangement
in which the atmosphere surrounding the reaction tube was

cracked /
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cracked ammonia, Thus, in the event of the tube leaking
the gases entering the reaction chamber should not
contain oxygen and should not contribute to high carbon
dioxide pressures. The resulits of these runs are shown
in Table IV but there is no marked difference in the
amount of carbon dioxide formed as compared to previous
results in the crusilite furnace., This appeared to
discount the view that leaking of the furnace tube could

be a major source of oxygen,

At this stage in the investigation it appeared
that all the obvious reasons for the high carbon dioxide
pressures in the experimental runs had been considered.
ANone of the mechanisms so far discussed could be responsible
for the level of the results obtained. It will be noted

that the source of error in most of the above hypothesis

was [/
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was the formation of carbon monoxide. However, nyo

direct proof of the presence of this gas in the reaction
chamber had been obtained, since as mentioned previously
the radioactive technique was capable of measuring only
the total amount of carbonaceous gas formed and gave

no indication of the constituent gases present. If
further progress was to be made in ascertaining the exact
mechanism responsible for the failure to reduce the level
of the experimental results to that corresponding to the
theoretical value for the hydrogen — methane equilibrium,
it was felt that an analytical technique would be required
which was capable of giving at least a gualitative

analysis of the furnace gases.

It was for this reason that the gas chromatography
apparatus was constructed. This proved to be an

extremely /



TABLE VI

Runs Performed at 1450°C with an A1-0, Tube in an Alumina Crucible
Gag Chromatography Results being given

Run Wo. Po, * 10° Flow Rate — Chromatography Notes
) 3
(atmos) (ml/min) PCH X 10° poox 10

P23 Blanks 039 72

0=13 118
Runs 1-56 105

1.17 182 03 0-8
104 167
13 200
143 143
117 167
Re21 74
R 34 77

P31 Blanks 078 100
013 100
0:13 111

Runs 429 117 02 20

143 117 - -
208 117 Oe 4 RS
2+ 08 125 - -

208 -
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extremely useful piece of equipment, since it was
possible, not only to identify positively both carbon
monoxide and methane, but also to obtain an estimate of
the relative quantities in which these gases were present.
However, due to the difficulty ih measuring the very small
areas under the peaks and the inaccuracy in sampling

from the palladium thimble, it could not be claimed

that the results obtained by the gas chromstography
technique were of sufficient accuracy to allow carbon

activity values to be derived.

The results of the runs in which thg gas
chromatography apparatus was used td analyse the gases
present are shown in Table VI. From this table it can
be seen that in all these runs carbon monoxide was

present, the gquantity usually accounting for the bulk

of /
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of the carbonaceous gas. It was also shown that the
prercentage of methane present was less than the equilibrium
._Value of 1.04 x lO’; atmospheres. This ﬁay be explained

on the ﬁaéié that the formation of carbon monoxide
indicates the presence of some oxygen source in the
reaction chamber., This might also be expected o

reduce the amount of methane by the following reaction

CH + "O" = CO + 2H
4 2

Since oxidation of methane appears to take placs,
it follows that even if wvery accurate methane analysis
was obtained, any carbon activity values determined under
these conditions would be liable to serious error,
Having confirmed that_some gsource of oxygen is present in
the reaction chamber, it was decided, with the use of the
gas chromatography apparatus, to make more siringent

efforts /
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efforts io determine the source. The possibilities

are as has been stated earlier, crucible reaction,

tube leaking or oxygen impurities in the gas stream.

In order to determine which of these mechanisms was the
most likely source of oxygen the following experiments
and experimental determinations were carried out.

(a) The effect of different crucible materials, (b) the
effect of temperature and composition of the melt, (c)
the relationship between flow rate and the pressure of
carbon dioxide formed, and (d) the relationship between

tube life and the pressure of carbon dioxide formed,

(a) The Effect of Different Crucible Maperials on

| thé Eeéults
Although the attainment of a low blank value had

previously been accepted as evidence that the extent of

crucible /



TABLE VII

Results of Runs using a Be O Crucible in a Molybdenum Furnace

3
Run No. pccaxlo Flow Rate Notes
(atmos) (ml/min)
- P21 Blanks 1482 117
104 125
156 77
1+04 100
0. 52 125
078 125
2+ 08 64
Runs 8+19 117
273 133

Results of Runs using a2 B.N. Crucible in a Crusilite Fui‘nace

3
Run No. Pgo,¥10 Flow Rate Chromatography Notes
Oz . 3 3
(atmos) (ml/min) Py, x10  Pogx10
P24 Blank 182 83 Only 10gm of metal
Q.13 100 in a small crucible
0+13 100 .
0:0
3 64 167
Run R+6 200 0e2 2:0
117 95 0.3 4:0
1-56 100 : ,

(Cont' @)



TABLE VII (Cont!d)

Run No. p002X10 Flow Rate Ghrom%fographyg Notes
(atmos) (ml/min) PCH,x10 pggxl0
P25 Blank 1+95 80 New tube
Q13 100 :
1.82 117 Only 10 gm of
130 100 metal in a small
208 117 crucible
104 250 :
Run 1-04 173 04 20
0.91 154 . ,
1:30 84
169 72
1243 80
P26 Blank 1-04 117 50 gm sample
0«52 62
000 117
Q.13 -
5072 133
6+ 24 133
Run 884 143 06 50

6-11 - 117 0.5 5.0
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crucible reaction was negligible in the presence of an
inert gas, there is a remote possibility that the
reaction may be acceleraited by the presence of hy&rogen.
It was considered therefore that the use of different

crucible materials might affect the experimenial results.

The alumina crucible was replaced in the first
instance by a beryllia crucible since it appeared more’
favourable on considering the thermodynamic data for the
reduction of the oxide to beryllium by carbon, as has
been shown earlier. The beryllia crucible which was
produced commercially, was well shaped but did not appear
to be as well fired as the alumina crucibles, having a

‘more porous appearance. As can be seen from Table Vil
the partial pressure of carbon dioxide measured in
this experiment was very high, so that it was still not

known /
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known whether crucible reaction was a source of oxygen

Qr not. If the crucible is reacting with the melt to
form carbon monoxide this difficulty could be overcome
by using an oxygen-free crucible. For this reason it

was decided to use boron nitride as the crucible m terial.
The boron nitride was available in the form of a
cylindrical rod and it was machined into a suitable

shape for a crucible. The results of the runs using such
a crucible are also shown in Table Vil from which it can

be seen that, although the results are low in P25, they
are not markedly better than in some of the runs using

an alumina crucible, The gas chromatography resultis

show that carbon monoxide is still produced which
indicates that oxyzen is still present in the system

even when the crucible is oxygen—free, These resultis

therefore finally eliminated crucible reaction as the

primaxry /
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primary source of oxygen.

(b) The Effect of Composition of the Melt and Temperature

on the Results

If the source of carbon monoxide is due 1o an
equilibrium reaction with the melt, lowering the percentage
of carbon in the melt, will reduce the carbon activitiy
and hence less carbon monoxide will be formed. On the
other hand if the reaction producing carbon monoxide
has not reached equilibrium a lower value of carbon
activity will not necessarily lower the amount of carbon
monoxide formed. Thus if runs are carried out wifh a
lower carbon concentration the amount of carbon monoxide
formed will indicate whether the reaction producing carbon

monoxide has reached equilibrium or not.

The results of the runs where the carbon concentration

was /



TABLE VIII

Runs Performed at 1450°C in an Alumina Tube with 2:517%C in Iron

in an Alumina Crucible

3 .
Run No. PCOX 10 Flow Rate Chromatography Notes
(atmos) (ml/min) pog,x10°  ppgad®
P30 078 286 New tube
' 156 80
Runs 0«65 80
0-65 166
0-65 111
P32 1-3 64
Blanks 0-26 91
000 125
4+69 95
1-17 165 - nil 1-0
R+ 34 125 nil 1-0
R+08 125 -
Rung 1-17 250 ‘
2-08 143 nil R0
1.3 250

4294 70




TABLE VIII (Cont'd)

Runs Performed at 1350°C in an Alumina Tube with C saturated Iron

in an A1,0; Crucible

3
Run No. Pcoleo Flow Rate _Chromatogra Notes
) 3

(atmos) (m)/min) Por, X0 Bgoy10

P33 Blanks 013 100 New tube
013 111
000 117
1.04 87
0+ 65 182

Runs 013 RRR 03 O 4

0« 52 87
0= 65 105
0O« 52 133
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was lowered to hélf the saturation value are shown in
Table VIII. In P30 the pressure measured was extremely
low but unfortunately a sample was not taken for gas
chromatography. In P32 the pressure measuremsnt was not
quite as low but the sample taken contained such a small
quantity of methane that it could not be measured by

the gas chromatography technique. The amount of carbon
dioxide, howgver, appeared to be similar to that obtained

with carbon saturated melts.

The low value of methane was to be expected since
reducing the carbon concentration by half will reduce
the amount of methane formed in the hydrogen-methane
equilibrium. The fact that the percentage of carbon
monoxide was the same as in the carbon saturated melts
indicates that the reaction resulting in the formation of

carbon monoxide has not reached equilibrium.

The /
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The results of the run carried out at 1350°C is shown
also in Table vi, Trom this result it can be seen that
the partial pressure of carbon dioxide was approximately
0.55 x 10"3 atmospheres, a very low value indeed. The
amount of carbon dioxide measured in the gas chromatography
apparatus was also very low, however, the methane value
wag similar to the value obtained with carbon saturated
melts at 1450°C. If equilibrium wgs reached in the
hydrogen - methane reaction the percentage of methane
should be higher at 135000 than at 145000 since methane
becomes less stable with increasing temperature. The
low value of carbon monoxide further confirms that the
gource of oxygen is not impurities in the gas stream,
since the quantity of oxygen or water vapour introduced is
independant of the temperature of the reaction chamber

and the rate of reaction of these impurities with the melt

will /
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will not be markedly affected by the drop in

temperature from 1450°C to 1350°C,

(c) Relationship between Flow Hate and Pressure of Carbon

Dioxide

The flow rate of hydrogen through the reaction chamber

was measured in all the runs. It might be expected

that this variable would have some effect on the

experimental results. In order to show whether or not

this was the case values of flow rate against the partial

pressure of carbon dioxide produced was plotted for

several runs in Graphs vm-x. These graphs are typical

of the type of relationship obtained and while they show

considerable scatter it is possible to interpret the

results in terms of the best straight line through the

points. It will be noted that in the graph for P19,



in which high partial pressures of carbon dioxide were

obtained that there is a definite trend indicating a

marked degree of flow rate dependence. This trend is

less marked in P23» in which the partial pressures of

carbon dioxide were lower and in run P33 where still

lower partial pressures of carbon dioxide were recorded

there appears to be little or no flow rate dependence.

The flow rate dependence of the results might at

first appear to be due to equilibrium not being attained

in the hydrogen - methane reactions at increased flow

rates. However, on considering the results of runs

P23 and P33 it can be shown that this is not in fact

the case* The results of the gas chromatography analysis

on P33, which is not flow rate dependent, indicate

that the amount of methane present is similar to that

in P23 which is flow rate dependent. The difference

between /



between these two series is the amount of carbon monoxide
present, there being an appreciable quantity in P23
whereas there is little or no carbon monoxide in P33%*
Thus it follows that the flow rate dependence of P23

is due to the variation in the amount of carbon monoxide

formed and not the hydrogen - methane equilibrium¥*

If carbon monoxide was produced from oxygen or
water vapour, introduced by the hydrogen, the quantity
formed would not be expected to depend on flow rate,
since the rate of reaction of these impurities with carbon
in the melt would be rapid. This adds further
confirmation to the view that impurities in the gas

stream are not the source of oxygen in the reaction chamber*

The evidence therefore leads to the conclusion
that the supply of oxygen to the reaction chamber is

time /



time dependent, thus in a run at a fast flow rate

only a small quantity of oxygen is available and consequently

a low partial pressure of carbon monoxide is formed,

whereas the converse is true at low flow rates. Since

crucible reaction has been dismissed as a source of

oxygen the only possible explanation would appear to be

the slow permeation of oxygen through the tube wall.

This would of course be a slow, time dependent process

and would account for the type of flow rate dependence

observed in the experimental results. Further

consideration was therefore given to the behaviour

of the alumina reaction tubes used in the experiments®

(d) The Relationship between tube life and the partial

pressure of carbon dioxide formed

Having dismissed all other possibilities for the

source /
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source of oxygen it was felt that a detailed

examination of the results was necessary to find if the

tube could possibly be the source of oxygen.

On studying the results in Tables II -VIII it is

apparent that a new tube was required for every second

or third series of runs, the tube being replaced when

it was shown to be leaking. In fact in a few of the

tubes there was evidence, after a number of runs, of

very slight porosity. When the results are studied with

reference to the blanks and the runs using hydrogen

it can be seen that low blanks do not always result in

low values in the hydrogen runs. On the other hand

high felanks always result in high values in the hydrogen

runs. It was also found in some instances, for example

P13 and P18, that low blanks could be obtained initially

but /



but the blanks obtained after subsequent hydrogen runs

were considerably higher. The results of hydrogen runs

were also generally higher on using the same tube for a

further series of runs even although the tube appeared

to be vacuum tight at the beginning of the series. There

therefore appeared to be a distinct relationship

between the length of time a tube was used and the level

of the results obtained. A detailed consideration of

the behaviour of alumina tubes in the present investigation

is developed in the following section*

Behaviour of Alumina Tubes during Experimental

Investigation

From the experiments which have been described it

was concluded that the only possible source of oxygen,

leading to the observed formation of carbon monoxide,

was /
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was the permeation of oxygen into the reaction chamber
through the wall of the alumina refractory tube. This
at first appeared to be a surprising conclusion since

tubes were always tested before commencing a series of
experiments and discarded when any appreciable leakage

occurred, even although no actual porosity could be

detected in the tubes.

The experimental results, however, indicated that
oxygen was entering the system even in the absence of
tube porosity and it was, therefore, concluded that
solid state diffusion of oxygen through the tube wall
must be occurring, presumably due to an oxygen pressure
gradient between the outer and inner faces of the tube,
due to a low oxygen partial pressure being established
within the tube in presence of a reducing atmosphere. It

is /



is also probable that a solid state diffusion mechanism

resulting in oxygen transfer across the tube wall would

gradually lead to the development of micro-porosity

in the refractory and eventually to pinhole porosity of

the type found in some of the discarded tubes.

It was now considered whether a diffusion mechanism

of the type postulated would allow satisfactory

explanations to be obtained for the observed variations

in the experimental results under varying conditions.

The observed pattern of low blank values, followed

by relatively high partial pressures of carbon monoxide

during hydrogen runs followed by higher blank values

and still higher results in subsequent hydrogen runs

using the same tube, is readily explained by such a

diffusion /



diffusion mechanism. In the hydrogen runs a very low

partial pressure of oxygen is established at the inner

face of the tube wall. There is therefore a concentration

gradient across the wall producing a net flow of oxygen

to the reaction chamber. In the presence of an inert

gas, however, no oxygen deficiency is produced at the

inner face and the diffusion mechanism will be suppressed.

This accounts for the low initial blanks obtained in

a new tube.

After a series of hydrogen runs where diffusion

has been taking place continuously micro-porosity will

be developing in the tube wall and on carrying out a

further series of blanks the results will be higher due

to oxygen diffusing through the micro-pores rather than

by solid state diffusion. It is also apparent that

after /



after one series of hydrogen nms a further series in

the same tube will result in higher partial pressures

of carbon monoxide since solid state diffusion will be

augmented by the micro-porosity produced buying the

first series of runs with a subsequent increase in the

diffusion rate.

The flow rate dependence of the experimental results

also agrees well with a mechanism of this type. The

rate of oxygen supply will be diffusion controlled and

hence time dependent. Since all the experimental

results are based on passing a fixed volume of gas

through the reaction chamber, the faster the flow rate

the less time taken and hence the smaller the quantity

of oxygen diffusing into the furnace gases. It also

follows that the experiments in which little carbon

monoxide /



monoxide was produced, that is, in which diffusion was

very slow should show little flow rate dependence, as

has been confirmed experimentally.

The run at 1350°C also substantiates this

theory. The partial pressure of carbon monoxide

measured was much lower than at 1450°C since at a

lower temperature the diffusion rate will be lower. At

lower temperatures the tube life would also be expected

to increase since the rate of development of micro-

porosity will be decreased.

The fact that in some series of runs low results

could be obtained does not detract from the theory since

on examining the tubes as obtained from the manufacturer

it was apparent that each tube had different characteristics,

for example, different wall thickness, and apparent

differences /



differences in texture etc., in fact it was found in one

instance that the tube was not even vacuum tight on

arrival at the laboratory. Thus different tubes will

have different initial diffusion rates and consequently

the length of time to develop micro-porosity, will

vary from tube to tube. The validity of the results may

be accounted for by such changes in tube characteristics.

Unfortunately it is impracticable to test the tube prior

to use in the hydrogen - methane experiments since such

a test would require an oxygen gradient to be established

across the tube wall at 1450°C in order to measure the

diffusion rate. After such a test the characteristics

of the tube will have changed and micro-porosity might

have formed while testing. Thus the conditions required

to test the tube are in effect these responsible for

deterioration in the tube. It also follows that

variation /
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variation between tubes cannot be eliminated by

performing a large number of experiments in a single

tube, since deterioration is progressive throughout

the tube life®

Thus the diffusion mechanism is capable of explaining

a considerable number of the experimental observations.

The apparent anomalies to this theory are the runs

carried out in the molybdenum furnace and the results

of the runs in which hydrogen was passed through the

empty furnace tube, the quantity of water formed being

estimated (referred to subsequently as hydrogen - water

runs) . In the molybdenum runs, since there is effectively

a hydrogen atmosphere outside the furnace tube as well as

inside, it might appear that diffusion of oxygen

should cease because of the lack of an oxygen gradient®

The /



The experimental results, however, were still high in

the molybdenum furnace. In the hydrogen - water runs

where hydrogen is passing through the empty tube, the

results indicate that lower partial pressures of water

vapour are formed than when the melt is present. Again

it might be thought that the same atmosphere is present

in each of these cases and hence the diffusion rates

should be similar and the same oxygen partial pressures

should result. Both these apparent discrepancies

can be explained when the partial pressure of oxygen

in the reaction chamber is considered, since the partial

pressure of oxygen is controlled not by the hydrogen

atmosphere but by the carbon potential of the furnace gases

which are in equilibrium with the carbon saturated melt,

A suitable means of comparison is obtained if the reduction



Of alumina to its suboxide is considered as follows

Al12°3 + 2H2 = Al1l90 + 2H*0 . . . (3)

~G° » 128,100 cal/mole ~
1700 /

Hence by the calculation given previously

pH20 > 0,126 x 10”2 atmospheres and from the equilibrium

H20 = H2 + 02 p02 = 1,21 x 10-1? atmospheres®

Al 0~ + 2CH = Al O+ 2c0 + 4H2 . . . 4

22

A G° & 30,340 cal/mole
1700

K = Hf3-9

K = p2C0
p2cH4
e ¢ PCO 1 Qs
= 10— @
pCH4

At methane equilibrium pGHA = 1,04 x 10 3

pco - 1.04 x 10"4-95 and from the

=22
Qquilibrium, CO » C + -S0 > pO = 1.24 x 10

It can be seen from these results that when the

&

carbon /
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carbon saturated melt is present in the reaction chamber

and partial pressure of oxygen in the system is much

lower than when hydrogen is passed through the empty

tube with the result that the oxygen gradient across

the tube wall is increased and consequently the rate of

diffusion of oxygen into the reaction chamber is much

greater. For this reason the hydrogen - water experiments

do not give an accurate measure of the amount of oxygen

which will be present during a hydrogen run. However,

the hydrogen - water results themselves are consistent

with the diffusion mechanism since low results were

obtained in a new tube and the highest result in a tube

subsequently shown to be leaking.

The reason why the results of the hydrogen results

are not lower in the molybdenum furnace also becomes

obvious /
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obvious on considering reactions (3) and (4). Even if

the atmosphere surrounding the furnace tube was pure

hydrogen the oxygen potential within the tube would

be lower than that outside since the gas inside the

furnace is in equilibrium with carbon, hence diffusion

can still occur* In fact the partial pressure of

oxygen will be higher than that corresponding to pure

hydrogen, since the molybdenum furnace shell is not

entirely gas tight, so that oxygen may diffuse into

the chamber, and since the porous insulating material

within the shell will tend to retain moisture.

There appears, therefore, to be excellent agreement

between the experimental evidence and the proposed

theory of diffusion transfer of oxygen to the reaction

chamber under a sufficiently high oxygen gradient across

the /
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the tube wall*

This theory of diffusion of oxygen through the alumina

tube wall receives support from a recent study by

Hayes, Budworth and Roberts in which the permeability

of dense sintered alumina to oxygen, nitrogen and argon

was investigated in the region of 1700°C. In their

experiments an alumina tube was evacuated at the test

temperature surrounded by oxygen, nitrogen or argon at

one atmosphere pressure. The rate of increase in pressure

in the tube gave a measure of the permeability of the

alumina to the gas. By this technique it was shown that

oxygen co l1ld permeate through the alumina tube. Slight

permeation of nitrogen was reported but none was detected

in the case of argon. Another observation agreeing with

the present study was that different tubes showed

different /



different tubes showed different rates of permeation*

Hayes et al (33)

stated however that in their investigation
no permeation of oxygen was detected below 1500°C. This,
at first sight, appears to conflict with the view that

a similar mechanism is responsible for the results

obtained in the present study 1450°C» This apparent
anomaly can be explained, however, when the oxygen

partial pressures in the respective systems are
considered. In the experimental procedure of Hayes

et a1 (33) the alumina tube was under vacuum. The
actual pressure in the system is not stated but it is
extremely unlikely that the oxygen partial pressure was
reduced to 10 10 atmospheres, whereas in the present
study, as has already been shown, the partial pressure
of oxygen was about 10—‘9‘2 atmospheres. Thus in the
present study the oxygen gradient across the tube wall

was /



was much greater than in their work, and it is probable

that, as a result, appreciable permeation could occur

at 14500°C. It has been shown, in fact, in the present

investigation that permeation was negligible when the

tube was filled with inert gas, a condition corresponding

to oxygen partial pressures of the order obtained

by evacuation*

The actual mechanism by which permeation of oxygen

occurs may depend on a degree of non-stoichiometry

in the alumina. This is due to a low partial pressure

of oxygen at the inside of the tube wall resulting in

metal-rich non-stoichiometry because of oxygen vacancies,

whereas at the outside wall there is oxygen-rich non-

stoichiometry due to interstitial oxygen atoms. Thus

an oxygen gradient is set up across the tube wall

resulting /



resulting in a net diffusion of oxygen to the inside of

the tube, by the diffusion of interstitial oxygen atoms

towards, and the diffusion of vacancies away from, the

inside of the tube wall* A vacancy diffusion mechanism

of this type might be expected to result, through

time, in the formation of stable voids produced by

aggregation of vacancies. These voids will act as a

low energy sink for further vacancies and will, therefore,

grow producing micro-porosity and as the process

continues pin-holes will be formed. Oxygen can then-

pass into the tube by Knudsen flow. The suggested

mechanism therefore accounts for the initial permeation

of oxygen and explains the observed deterioration of

the tube material with time.
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CONCLUSIONS

The results of this study were extremely disappointing

since it proved to be impossible to obtain any values

for the activity of carbon in liquid iron. Certain

difficulties had been envisaged at the outset of the

work. The two major problems appeared to be the

development of a technique whereby radiocactive carbon

in the gases from the reaction chamber could be counted

with sufficient accuracy to provide reliable activity

values and the possibility that reaction between carbon

in the melt and the crucible material would be

sufficeintly rapid to interfere with results obtained#

The end-window counting technique first used to

measure radioactive carbon dioxide was abandoned since

it did not give highly reproducible results and since

it /
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it would have required an undesirably high level of
redioactivity in the iron -~ carbon melt. The internal

gas counting method subsequently developed, howevér, was
much more satisfactory and is considered to be an

extremely accurate and attﬁactive method for the estimation.

of small gquantities of carbonaceous gas.

It had been anticipated that reaction between a
metal oxide crucible and cérbon in the pelt might result
in formation of carbon monoxide, leading to errors
in the estimation of methane by the radioactive
technique. It was shown, however, that in the case of
the alumina crucibles use@ the rate of reaction was
extremely low. The fact that some reaction occurred wﬁen
gﬁs was bubbled throigh the mglt by an immersed alumina '

tube indicate, however, that quiescent conditions must

be /
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be maintained at this alumina - metal interface if

this source of error is to be avoided,

Although the two initial problems had been
satisfactorily resolved, it was found that no further
progress could be made due to the formation of relatively
large quantities of carbonaceous gas in the regction
chamber. A disadvantage of the radioactive tfacer
technique in this particular application was that it
did not distinguish between methane and carbon mcnoxide
and in order to overcome this the gas chromatography
technique was developed. This proved conclusively
that oarbon‘monoxide wae being formed in the reaction
chamber and also indicated that the methane content was

below the equilibrium value for a carbon saturated melt.

Having dismissed all possible explanations for the

presence /
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presence of oxygen in the reaction chamber it wes
concluded that oxygen was diffusing through the wall of
the alumina refractory tube, This conclusion, although
in excellent agreement with the experimental evidence,
was very surprising since there was no reports of such a
mechanisw in the literature. It has, however, been
subsequently supported by Hayes et al (33). This
difficulty makes the present study virtually impossible
gince even the best tubes; which show only very little
diffusion of oxygen at the outset quickly deteriorate at

high temperature in the presence of hydrogen,

The conclusion that alumina refractory tubes become
permeable to oxygen at high temperatures is extremely
important, since many sxperiments can be envisaged where
a low partial pressure of oxygen is requireé. It is now

guite f



174.

quite clear that such an experiment would be impossible
if the technique involved heating the alumina tube %o

& high temperature.

It is doubtful whether the use of a different ,
refractory tube material would improve the results.
Mullite was shown in the present investigation to have,
if anything, worse properties and the only other

+
alternative would appear to be sgbilised zirconia,

which might be expected to allow oxygen diffusion by a

(34)

gimilar mechanism. It has in fact been learnt

that permeation of oxygen through zirconia has been observed.

The only way in which this problem could be
overcome would be by the use of a technigue in which the
wall of the reastion chamber is kept cool. This could
be achieved by the use of inductive heating. However,

such /
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such a technique would have required extensive
alterations to the experimental apparatus and since the
diffusion of oxygen was confirmed only in the latfer
stages of this study there was unfortunately
insufficient time to investigate thé possiﬁi@ities of

alternative heating methods.
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